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FOREWORD

Natural resource managers have been concerned about freshwater inflow needs for Texas bays and estuaries ever since
the planning and construction oflarge-scale water development projects commenced in the state. They realized that these
projects might deprive the estuaries of needed fresh water that provides appropriate salinity regimes and concentrations of
nutrients and sediments to sustain the health of the coastal environments. Initially, there was little scientific information
on which regulatory authorities could base decisions concerning the quantity and timing of freshwater inflows to the
estuaries. In the last 30 years, however, researchers from universities, state and federal agencies, and private research
organizations have provided significant insight into how Texas estuaries function and the importance offreshwater inflows
to their ecological health.

This report integrates the results of recent studies with earlier information to provide a comprehensive overview of
the importance offreshwater inflows to Texas estuaries. The report emphasizes the relationship ofinflows with the chemical
composition and physical nature of estuarine ecosystems, bay habitat distribution, physiological processes, biological

.productivity, and abundance of fish and shellfish populations. In addition, the report presents a methodology for
aetermining the amount and timing of beneficial inflows needed to maintain the productivity ofeconomically important
fishery species, and the estuarine life on which they depend. This procedure deals effectively with competing inflow
requirements among organisms and includes provisions for achieving management goals for specific estuarine habitats and
species. The report provides data and example analyses of inflow needs for San Antonio Bay and the Guadalupe Estuary
using several state management objectives. The participating agencies are now preparing detailed analyses for each principal
bay and estuary using the information and methods presented here.

Applying this approach to determining freshwater inflow needs of the state's major estuarine systems will improve
management ofour coastal resources. The analytical procedure is based on real data and relationships established for each
bay system, rather than just theoretical formulations. In addition, the procedure allows use of management goals that are
appropriate for each estuary and take into account the specific conditions of each bay system. This will provide a solid
quantitative basis on which future decisions can be made concerning estuarine freshwater needs, improving the planning
and management of important freshwater supplies. Regulatory decisions accounting for freshwater inflow needs, as
determined by this procedure, along with a continuous monitoring effort to confirm benefits and suggest adjustments to
inflow will ensure that good estuarine health is maintained.

The cooperative process used by the three participating state agencies in this joint effort illustrates the value ofhaving
experts from organizations with differing responsibilities work together to address problems of state concern. The
participating agencies are committed to working together on problems involving water and other valuable natural resources
of the state. .

/tJAti/eJA/~-_
.........Andrew Sansom

Executive Director
Texas Parks and Wildlife Department

Anthony C. Grigsby
Executive Director
Texas Natural Resource Conservation Commission·
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PREFACE

In the 69th Legislative session and in subsequent
sessions, the Texas Legislature directed the Texas Water
Development Board and the Texas Parks and Wildlife

. Department to share responsibility for establishing and
maintaining a ~ontinuous bay and estuary data collection
and evaluation program, and to conduct studies and analyses
for determining bay conditions necessary to support a sound
ecological environment [TEXAS WATER CODE
16.058(1)]. This document reports the effects offreshwater
inflows on the biological productivity ofbays and estuaries,
and effects on the distribution and abundance of economi­
cally important and ecologically characteristic fish and shell­
fish species, and the estuarine life on which they depend. The
target audience for this document consists of natural re­
source managers and decision makers, estuarine scientists,
and well-informed lay public.

Contract studies.performed by personnel at the Uni­
versity ofTexas Marine Science Institute (UTMSI), Univer­
sity of Texas Center for Research in Water Resources
(CRWR), Texas A&M University, University of Houston
(UH), University of Texas Bureau of Economic Geology
(BEG), National Marine Fisheries Service (NMFS), and the
Texas Parks and Wildlife Department (TPWD) were pre­
pared for and funded by. this study and exist as contract
reports in the state library.

In addition to documenting the importance of fresh­
water inflows, this report presents an analytical methodol­
ogy for determining freshwater inflow needs for Texas
estuaries. The procedure was designed to assist the Texas
Natural Resource Conservation Commission in quantifying
beneficial inflows that are necessary for maintaining an
ecologically sound environment. The analytical technique
that is presented uses hydrodynamic modeling, optimiza­
tion programming, and data th~twas compiled from special
studies, monitoring programs, and historical records. It
includes consideration of salinity, nutrient, and sediment
loading regimes, all topics that the Texas Natural Resource
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Conservation Commission must consider when determin­
ing the beneficial inflows necessary to maintain an ecologi­
cally sound environment for the maintenance ofproductiv­
ity of fish, shellfish, and other estuarine life.

The methodology for determining inflow quantities
and timing requires a variety of information about resource
management objectives and limits (constraints) since it is a
mathematical procedure that runs on a computer. Conse­
quently, policy makers and regulators must provide unam­
biguous statements ofthese information types for the proce­
dure to be used. The report provides examples of the kinds
of objectives and limits that must be provided, and some of
the results ofapplying different resource management poli­
cies ro an example analysis for the Guadalupe Estuary.
Actual inflow recommendations for the Guadalupe Estuary,
as well as for o~her Texas estuaries, will be presented in
separate reports. In addition, more complete information
detailing the characteristics of the Laguna Madre Estuary
will be presented in a future publication.

Any inquiries about this publication should be directed
to:

Gary L. Powell
Environmental Section
Texas Water Development Board
P. O. Box 13231
Austin, Texas 78711-3231
(512) 463-8043

or

Albert W. Green
Resource Protection Division
Texas Parks and Wildlife Department
4200 Smith School Road
Austin, TX 78744
(512) 389-4800
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SUMMARY

In responset() the TEXAS WATER CODE 16.058(a),
the Texas Water Development Board (TWDB) and the
Texas Parks and Wildlife Department (TPWD) have pre­

,pared a report on the effects of freshwater inflows on Texas
bays and estuaries. Two main themes are examined in the
report: demonstrating the effects of freshwater inflows on
living and non-living components of estuarine ecosystems;
and presenting a methodology for assessing the freshwater
inflow' needs of Texas bays and estuaries that satisfies the
requirement of maintaining an ecologically sound environ­
ment and the productivity of fish, shellfish, and other
estuarine life.

Chapter 1. The first chapter of the report provides a
historical perspective on freshwater inflows. Thirteen differ­
ent functions of freshwater inflows have been identified in
various studies. Some of the most importailt functions
include: creation and maintenance of low-salinity nursety
habitats; provision of a medium for transport of beneficial
sediments and nutrients; transport of allochthonous (exter~

nal) organic materials from upland or delta areas; and
control ofthe timing ofmovement ofsome estuarine speCies.
This chapter also provides a' list of 15 effects of reduced
freshwater inflows noted in the scientific literature. Among
the most significant impacts 'are: increased salinities and
vertical stratification in the water column; penetration ofthe
salt-wedge farther upstream allowing intrusion ofpredat6rs
and parasites of estuarine species, and increased intrusion
into groundwater and surface water resources; increased
frequency of benthic anaerobic conditions and decreased
inputs' of nutrient and organic matter used by estuarine
species; loss of characteristic species and economically im­
portant seafood harvests; and increases in erosion of delta
areas resulting from the reduction of sediment iriflux.

Chapter 2. Chapter 2 of the report reviews the
legislation authorizing this study, provides an interpretation
of the' meaning of the phrase "ecologically sound environ-

v

ment," and discusses the steps needed to determine whether
beneficial inflows are adequate to maintain an ecologically
sound environment. The chapter identifies three general
goals for the study, and also lists a series of eight objectives
that were initially defined by representatives of the TWDB,
TPWD, and Texas Natural Resource Conservation Com­
mission. The specific objectives are: compiling inflow,
hydrographic, and biological data into computer-compat­
ible files; developing circulation and salinity models; evalu­
ating the effects of inflow and salinity change on estuarine
plants and animals; assessing water quality trends during the
past 20 years; determining the effects of inflow on bay
sedimentation and river delta maintenance; evaluating the
effects of fresh ~ater on primaty production, nutrient load­
ing, and biogeochemical cycling; preparing statistical in­
flow-harvest equations for commercial catches; and develop­
ing a methodology for analysis of inflow needs by optimiza­
tion 1podeling.

Chapter3. The third chapter describes the analytical
approach used in the study. First, the hydrologic databas~

for Texas estuaries has been extended through 1987 to
include 11 more years ofinformation. Then, specific studies
ofthe effects offreshwater inflows on components or natural
processes ofestuarine ecosystems are presented. Important
eco~stem components examined inciude salinity, macro­
nutrients (nitrogen, phosphorus, and carbon), sediment,
phytoplankton, seagrasses, marsh plants, zooplankton,
benthic organisms, and larval and adult fish and shellfish.
Abundance and distribution information are among the
mos't important characteristics investig.ated for i:he~e ecosys­
tem elements. Dynamic processes given detailed analysis
include: photosynthesis; zooplankton production; nutrient
uptake, regeneration, nitrification; and denitrification; lar­
val transport; spawning and larval development of fish;
metabolism ofjuvenile and adult fish with respect to salinity;
arid production ofcommercial species as measured by com­
mercial harvest of species.



The third step in the analytical approach is to develop
and present an analytical procedure for determining fresh­
water inflow needs. There are several requirements for such
an analytical procedure. It should give quantitative results
on a monthly or bimonthly scale that is appropriate with
managerial actions. The estimates should be realistic in
terms ofwhat kinds of flows can be supplied. The method
should focus on the maintenance ofproductivity, but should
specifically address the concerns of salinity, nutrient, and
sediment loading. It should be easily modifiable, efficient,
and flexible, and should provide a method to check the
results. The method will then be applied on a test basis to an
estuary on the Texas coast. In addition to being a realistic
test case, the analysis should show the breadth and ~cbpe of
the effects ofvarying some of the elements of the analytical
method, especially differences from altering management
objectives and limits. Finally, the types ofinformation'arid
decisions that state policy makers and regulators must pro:
vide to use the method are presented. "

Chapter 4. Chapters 4,5, and 6 provide an analysis:of
the effects of fieshwaterinflows on Texas estuarine eco;ys"
terns. In Chapter 4, the patterns of inflow ahdsaliriity are
e~amined for the' Nueces, Mission:Aransas; Guadalupe;
lavaCa-Colorado, Trinity-San Jacinto, and Sabine:Neches
est'tiaries. Differerices in inflow betw~e'n these estuaries are
dramatic and follow the precipitation gradient'of the stine'.,
On'average, the Sabine-Neches Estuatyaimually rec~ived

mote than 50 times its volume in freshwater inflow duiing
the 47-year period of record; Tile Trinity-San Jacinto and
Guadalupe estuaries ie'ceived four to seven times their vol­
umes 'on an annual baSis, while the Lavaca~Colorado' ie:
ceived about twice its volume, on average: Boththe Nueces
and Mission-Aransas estuaries received only 60' to '700/o"of
their volume on an average a.nnual basis, and th~ relative
variation in inflowwas higher from year to year thkil for the
estuaries al;ong the upper coast. Salihities\vete just,the,
in~erse of the inflow situatibn' with lowest salinities in the
Sabine-Neches Estuary a~d highest in theN~eces ~ysterri:

. . . ,.! ••'

During the past 47 years, the Mission-AransaS Esfuary
had a statistically significant incre~ing tre.r~d in inflow.
Non~ ofthe other system:s showed a significant t~end d~iing'
that 10ng'period;Th~N~eces Estiiary had a d~cre'a..;irig hecld
of inflow (about 4% per year)'fr6~ 1966th;'0~gh 1987:'A
trend analysis for salinities from'19~8 through} 98.7. sho~ed'
dec;easingsalinity inth~lo.wer Sa'bin:e-~<:ches futwiry and
increasing salinity for Wes! Galveston13ay?lower~.ari f.,nid.­
nio Bay, and N~ece~ Bay.' ',:" ",:,

The propo~tio.n ofd1f 11~~~l~n~ i?~d ,cdirie~by,'th,e
gagedflo)V ofiiv'ers co'QIpared tO,the total nl1~rie'nt !oact
varied from qne estuary to' anoth~r')J:l p'ar~ b~c;u~e.of
differences in the relative proporti~~ ofgaged and u~gaged
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areas. The combined inflow from gaged and ungaged inflow
sources accounted for more than 52% of the nutrient load
for the Nueces Estuary and more than 75% for the other
estuaries. ' Thus, freshwater inflows provide the majority of
the nutrient influx to estuaries. None of the Texas estuaries
appeared to be nutrient limited; all had a decreasing gradient
ofnutrient concentration from the head to the,mouth. High
turbidities in the upper estuary and efficient regeneration in
the lower bays allow nutrients to move through the system
and be reused without contributing to eutrophication prob­
lems.

: "', While there are differences in the texture ofsuspended
sediment loads of Texas river systems, sediment load is
uniformly dependent on inflow. On examining cumulative
sediment-c~mulatiye discharge relationships, the Trinity
River showed a qefinite change in the sediment load after the
cofl1.pleiid~of construction of Lake Livingsto.n: 'located
upstrdm of the delta: LakeCorpusChfisti retains 970/0 of
th<;: sedimerifenteririg it: 'and only about 70% ofthe 'sedi­
ment that fonrte'~ly e~te~ed Lavaca' Bay is nowdep'osi'red
there due to: Lake Texana: The Nueces and Trinity i-iver
deltaS are currently un:dergoing changes'that can be attrib­
uted' to tHe r'~duced'sedifnent loads. In cohtrast, sevdal
other fivers showc:;dchanges in sedimendoad throligh time,
but the changes' could not, be attributed 'to human activities;
~rluriJ.1:>er ofSediment l6ad changes occurre'd immediately
after the drought period in the 1950's. '

Chapter5. While Chapier41s i~;'gely corice~nedwith
theabiodc portions of the esru'arine ecosystems, 'Chapt~r 5
considers the primary producers (phytoplankton and plants),
the' primary' cOI1silmers of production and detritus (zoo'p­
l;mk~on and benthos), the" nutrieilt regenerat!on process,
ahdthe distribution :md use of terrestrial and delta carbon
thro~ghout the estuary. 'Both 'phytoplankton and vaSc~lar
plants (seagrasses arid marsh vege'tatiorl) show responses to
freshwater inflow. Vnder high inflows, flagella~es often
dominate thephyt~pl~nkt6n;'while diatoms predominate
dilring p,erioc\s bflow inflow and high saJiniries. Beca'u~e of
their longer life cycle; v'ascularplant reSponse to freshwater
ihVow must inregratethe~ffectsof inflo~savera' longer
p~riod than phYroplankt~n. Inundation a,nd salinity levc;l
~re, probably t~e' fa~tors resulting; ~ro~ inQow that'rrwst
afFeftyascul~r plant composi,~ioni long periods of high or
lowiqflo~~~sylti'hll1a,jorpopuJation shifts. 'While prod~c­
ti~ity~f.allrypes<;>fplatitsis probably influenced by freshwd­
t~r')rfl9WS~ it is diffi~ult to measure directly'be~use ofthe
high v~riabilityin ,phrropl'!nkton abunclanceflnd the ancil~
lary effe~tsof ~oil moisture, turbidity, epiphyte grow'th, and
9~h,er. filct~,r:son,x~cularplant PfO?uction.

" ~. ".:' .• _ e _ j, . .

, ,.Thez()9pla~kton CO~ml;lri,ry~ha~ges asa result of
irifio~s.High inflo~sdisplace ~st~arine zoopiankton, which



are then replaced by freshwater species. As salirli~iesinc~eaSe"
through mixing and evaporation, freshwater zooplankton"
are replaced by estuarine species. On an annual basis,
zooplankton abundance appears to be influenced by inflows,
although the pattern is complicated. Zoopfankton' abu~~"
dance is higher in years with greater-than-average inflows in
estuaries that normally receive less than on~ bay volume ()f
inflow each year. In'estuaries that, on average, receive fiv~~~:

more bayvolumes ofinflow p~ryear, increased inflow results
in decreased annual zooplankton abundanc~., The different'
patterns of change in zoopla~kton abund;nce trothinfio~',
increases may be caused by opposing forces stimuliting
zooplankton production under low-flow conditions and
displaciJ;1g them under high flows. ' '

Benthic species also have a response to chang~s in
inflow. Under high inflow, macrobenthiC'organisms adapted' ,
to low salinities flourish until, higher salinity conditions
return. The more marine species reappear and rebuild' to
higher levels than existed before the high inflow conditions
commenced. Then,' the populations decline to 'pte-inflow'
levels. A hypothesis for regulation of benthic species by
inflows has been suggested and is still being tested by
researchers. The rates ofregeneration ofriuqients by benthic
organisms also seem to be related to inflow" Theyappeano
increase both during and 'immediately after increased in­
flows, although prolonged periods of low salinity may kill
many of the organisms that participate in regeneration.

The nutrient cycling process, ofwhichbenthic regen- '
eration is only one element, appears to change depending on ,
the level offreshwater inflow. Those ecosystem components'
that use and store nitrogen assimilate higher'levels of it
during periods of high inflow than during periods of low
inflow. ,But during times of high inflow, the efficiency of
transfer ofnitrogen between ecosystem components pei'unit
of nitrogen input to' the ecosystem is much lower 'than
during low-flow periods ~hen the material 'is Cycled more,
times before being losrfrom the'system. >, , ' \

Inflows also transport and distributeterrestrial~ and
delta-produced carbon throughout the bays and estuaries.
Studies on the Guadalupe and Lavaca systems shbwed a
terrestrial carbon signal in the sediment and in the particu­
late organic carbon ofthe water column after large inflows. '
Analyses ofbenthic organisms, fish, and shrimp show that in
some estuaries, the terrestrial materialsrransported by freshc

water inflows directly or indirectly provide a portion of the
carbon assimilated by organisms in their, diet. This, was
particularly true for animals that lived in the upper bays close
to the river mouth.

Chapter 6. Chapter 6 examines the relationships
between freshwater inflow (as expressed by salinity)an~ the
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distribution, abaridance; physiology" and production offish
and shelifi~h. M~~ementsoflarval species from the Gulfto
the b~ys were studied 'to' determine' whether freshwater
inflowprovi4eda cue for their retilrn after spawning and
ha:tchlng. Ttansport oflarvae was affected by tidal currents,
on-sho;e wind, and tid3.I type (spring or neap), but no
salini~- orinflow-related ~elationship was found.

A study of the general distribution and abundance of
larval and juvenile species showed that higher densities of
juvenile shellfish were found in areas with lower salinities
th~n is considered optimal for growthand survival. It also
showed that s~inity preferences or tolerances change with
size (maturity) ohhe animals, although some species were
l~saffected by s:lIinity than others. Periods of high water
assodatedWith high inflows allowed some species (juveniles' ,
and adultsj 'to' move into inundated wetland areas and feed
directly on detritus, benthic species, and epiphytes even
thbughsalinityconditions might be low enough 'to be
substantially leSs than optimal. Many estuarine organisms
move as dose to ,sources offresh water as their physiological
adaptations will p~rmit, probably in response to the detritus
loads, plankton densities, and high levels of production of
benthic animals in' the area.

The met'abolic costs of ionic and osmotic regulation
that result from living in an estuarine environment with a
fluctuating salinity regime was presented for several estua­
rine adult arid Juvenile fish. At low and high s3.Iinity
eXtremes, proportionally more of the metabolic energy of
fish must be expended maintaining their internal ionic and
osmotic conditions than at more moderate salinities. There­
fore,at' the' extremes of salinity, the metabolic scope fo'r
activity' such; as migration or foraging IS substantially re-'
duced. This difference could be seen' in both metabolic
measurements and maximu'm sustained swimmingspeeds of
various fish'species. Juvenile estuarine fish tend to have a
broadertange ofscope for activity than adults, but propor­
tionally may have a larger reduction in scop'e for activity than
adtilts:'at extremes, until they acclimate to the new condi­
tions. Since'some species are more numerous in suboptimal
salinity regions ofestuaries, the advantages ofinhabiting low
salinity areas must outweigh the considerable metabolic
costs.

In addition toinflueilcing the active metabolism of
estuarine animals, freshwater inflows affect the reproduction
ofestuarine species. Studies of reproductive females of two
species showed that growth of the ovaries, particularly dur­
ingthefirst 30 days ofdevelopment, was reduced at vety low
and vety high salinities.. Egg hatching of spotted seatrout,
which remain in the estuary for spawning, showed very little
effect from salinity variation; eggs ofAtlantic croaker, which
spawn offshore, had reduced rates of hatching at high and



low salinities, with maximum hatching at marine salinity
levels. The effect of salinity ~n larval development for
different 'ages of larVae was te~ted over a wide range of
salinities. Spotted searrout had the widest tolerance range;
followed by red drum' and then Atlantic croaker. These
studies showed that s~li~itylevel is an impori:antinfluence in
fish reproduction; the adults of these species 'are mobile,
however, so th~y can usually move to areas where salinity
levels are favorable.

, While the effects of salinity on scope for metabolism
and reproducction,are clear, iI;tany adult finfish and 'shellfish
are not as sensitive to freshwater inflow and salinity level as
juv~niles. Gill net data from several estuaries'showed that
there was no relationship between mean ~stuarine salinity,
and the density of (mainly adult) black drum, southern
flounder, Gulf menhadt:p, striped mullet, red drum, and
spotted seatrout. Trawls: capturing smaller individuals th~n
gill nets, suggested "that Fhere waS a relationship between
~ean estu"~rine salinity a~d densitY for,a number ofspecies;
whit~ shrimp and' Gulf menhade~abundan~ewas '~e'duced

when mean salinity was greater than 250/00; brown shrimp,
small Atlantic cr~aker, and small southern flounder densiti~s
decrease'at salinities ofless than i 5%0 or gr~ater than 300/00'­
In addition, literature and other mea'surements show that
mean ,sa!initi<;s greater, than 250/00 reduce the density of
e~st,er!? oysters.. ,

",.' ,The relationship' between com~e~cial fishery harvest,
a' ~'urrogate for productivity, ~nd freshwater inflow was
inve.stigated using 29 years of shrimp data and approxi­
ma,tely 26 years ofdat; for other fishery products. Equations
rela,ting harvest to seasonal inflow, temperature,' and harvest
e~ort were prepared for allestuaries but the ~guna Madre
wh~re the hydrology v.:as not complete.' Results in the'
Sabine-Neches Estuarywere po?r due to unfavorable changes
in estuarin~ condition~ and discontinuous time series records
resulting from shift~ in the local,fishing industry. Regression
equations presen'ted in the,r~P'?rt accounted for an average
of.690/? ofthe harvest variation (range of44 to 90%). While
the statisti~lly significant terms relating inflows to harves~.

seemed appropriate for manyequatipns, for some, there was
no clear biological e~planation for the significant terms.

Chapter 6 shows that through salinity control, inflows
do affect fish and shellfish populations. The clearest effects
were seen as physiological resporises tosalinity. The :ela­
tionships become less clear, ,however, when they are not
based on controlled laboratory experiments. Animals are
free to move and select salinities. They go through life
history changes as they mature, and are exposed to a host of
other conditions in addition to salinity that could alter their
survival. Consequently,.the importance of freshwater in-,
flows to fish and shellfish density or harvest is clear since it

can still be discerned regardless of other influences on
pop{.lation den'sity andharvesr. ' ' ,

Chapter 7: ,Chapter 7 begins the second phase of the
report by providing information that will be used in an
example analysis'offreshwater inQow needs forthe Guadalupe
Estuary. The estuary received an annual average c0!llbin~d

inflow of 2,344,140 acre-ft. The maximum inflow in any
one month was 2,457,912 acre-ft in June 1987, a~d the
minimuminflow was 5,123 acre-ft in June 1956. Highest
iriflo~s are usually in May and June, with the lowest flows in
August.' A,bout 82% ,of the' combined flow is from gage,d
watersheds. A statistical trend analysis ofinflows showed no
significant chang~s in inflow in the Guadalupe Esi:~a;Y
during the 1941 through 1987 period, except from dro~ghts:

However, there are indications from exceedance probability
charts that inflo'Y during the 1968 through 'I Wl7 period has
in~r~ased compar~d to th~ 19.}1, through 1967 period. h'!~
poss'ible that' runoff fr,?m 'urbanization, return flows (origi­
nating from s~rface or ground ':Vater), or precipit~tionm~y
be increasing, I;>ut the increase has not been 'dete5=ted by, t~e
statistical test. ' ' ," , . ,','

1
The chapter presents information on water qualitY

and nutrient loading of the Guadalupe Estuary. In gener.J,
nutri~ilt co~ditions seem to have been fairly stable during
the, period ofrecord. Nutrient budgetsfor ni~rogen;ph~s­
phorus, and carbon are included, based on extensive mOI]i~

toring program measuremeilts 'and modeling results froin
the TXBLEND hydrodyna~icmodel. Budge~s were pre~

pared for a high- and low-flow year. Lo;ding'duriryg the
high-flow year was several times greater rh<ln during th~ 100w­
flow y~ar, as expected. Export of nutrients to the Gulf waS
also several times higher during the high~flow yea~. There
wer~ differences in import and 'export'ofnitr~ge~ and
phosphorus that may be rel~ted to ~ifferences i'n the,b'io~
chemicaIprocesses that,trap and release these mate~ials, The
proportion ofphosphorus retained by th~ eStl~ary,~~ high~r
for a low-flow year than for .a high-flow year, while th'e
estuary retained proportionally more nitrogen in the high-
flow year than in the low-flow year. :

More than half of t~e nitrogen flowing into the
estuary from the river basin was lost to, geochemical sinks
during the low-flow year, ,but only about 16% was lost to
sinks during the high~flowyear. While none ofthe macro­
nutrients appeared to be ,in short supply for plankton and
macrophyte production, there was a greater excess ofcarbon
and phpsphorus than nitrogen. Consequently, nitrogen is
closer to being a limiting nutrient than the other m;lterials.
Using inflow volumes and the nitrogen budget; a minimum
freshwater inflow requirement of 286,000 acre-ft/yr was
calculated ,that would be needed to offset the losses of
nitrogen to biogeochemical sinks.
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The effects of inflow on sediment loading in the
Guadalupe Estuary are assessed in Chapter 7. The lower
delta that juts into San Antonio Bay below Mission Lake is
undetgoing an inevitable phase of decay and subsidence as
the site of deposition has changed to Mission Lake. The
upper portion of the delta above Mission Lake, which has
existed in its present form for 2,000 years, shows no evidence
of subsidence or deterioration. Sediment transport and
deposition throughout Guadalupe, Hynes, and San Antonio
bays is not understood well enough to allow a sediment
requirement to be estimated for these areas. Consequently,
a minimum sediment load estimate was determined for
Mission Lake, to offset the effects ofrelative sea-level rise on
the lake bottom and to preserve the Traylor Cut subdelta,
which is currently under construction. A sediment load of
132 acre-ft/yr of sediment must be transported to the
estuary, which requires an annual freshwater inflow of
355,235 acre-ft/yr.

The biological communiry of the Guadalupe Estuary
is also described in Chapter 7. There are 29 dominant plant
species, 12 to 31 dominant benthic species (which vary ftom
year to year) and 30 dominant finfish and shellfish species.
Based on saliniry characteristics, the estuary could be divided
into four zones: the upper estuary including Mission Lake,
Hynes Bay, Guadalupe Bay, and the upper portion of San
Antonio Bay; a mid-estuary region including San Antonio
Bay down to the Intracoastal Waterway; a lower estuary area
including the lower third ofSan Antonio Bay and Aytes Bay;
and Espiritu Santo Bay. The species that characterize each
ofthese regions are discussed and the general saliniry require­
ments for each area are presented. Saliniry requirements
were based on a combination of physiological" tolerances
from experimental studies and occurrence information from
estuarine sampling programs.

Chapter 8. This chapter presents the rwo analytical
techniques to be used for determining freshwater inflow
needs. The first is a multiobjective optimization technique
called the Texas Estuarine Mathematical Programming
Model (TXEMP). This method can use stochastic represen­
tations ofsome ofthe inflow-dependent relationships. This
analysis method uses quantitative inflow-saliniry and in­
flow-harvest relationships as well as salinity limits for various
regions of the bay, historical inflow information, harvest
targets, nutrient and sediment inflow requirements, and
other information to calculate month-by-month inflow
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needs based on predefined management objectives. The
effects on fishery harvest of using different objectives and
varying constraints are presented in the chapter. The results
from the example analyses show how important it is for
resource managers and regulators to select appropriate ob­
jective functions and constraints in determining freshwater
inflow requirements.

TheTXBLEND hydrodynamicandconservative trans­
port model is presented as a check of the inflow require­
ments. Compared to the hydrodynamic model, the inflow­
salinity equations used in the analytical method described
above are crude but quick predictors of salinity. The
calculated inflows from the TXEMP Model are used as
inputs to the hydrodynamic model. Circulation and salinity
patterns are calculated for the estuary using these inputs to
determine whether salinity levels remain within the bounds
necessary for maintenance of productivity. The example
analysis uses calculated inflows and weather and tidal condi­
tions ftom a dty year (1984). The inflow quantities calcu­
lated through this method are compared to three previous
inflow estimates for the estuary that use various estimatio~

methods.

Chapter9. The final chapter ofthe report reviews the
objectives that are presented in Chapter 2 and discusses how
each objective was fulfilled in the study. In addition, general
conclusions that can be drawn from the special studies and
analyses are presented with special emphasis on the effects of
freshwater inflow on salinity, sediment, and nutrient load­
ing, and maintenance of productivity of fish, shellfish, and
other estuarine life.

The final chapter also describes the state ofthe analyti­
cal tools and the supporting information needed to apply the
assessment method to the other Texas estuaries. Some
enhancements and additions to the technique are presented
for future improvement. The last portion of the chapter
reviews the decisions that must be made by policy makers
and regulators to allow the assessment method to be applied.
Some of the decisions include overall management objec­
tives in terms ofspecies to be harvested and the relative value
ofone species compared to another; inflow bounds based on
historical inflow records; salinity limits within different
regions of the estuary; minimum nutrient and sediment
loading requirements; fishery harvest targets; and chance
constraints on statistical uncertainties.
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CHAPTER 1: HISTORICAL PERSPECTIVE ON
FRESHWATER INFLOWS

1.0' INTRODUCTION 4. Moderation ofbay water temperatures;

1. Dilution ofseawarer to brackish condi­
tions;

Functional role of freshwater inflow. Freshwater
inflow affects estuaries at all basic levels of interaction; that
is, with physical, chemical, and biological effects. The
functional role of freshwater inflow in the ecology ofestua­
rine environments has been scientifically reviewed (Snedaker
et al. 1977; Hackney 1978; Texas Department of Water
Resources 1982c; Skreslet 1986), and the effects on these
living coastal systems were found to include but may not be
limited to:

The inflow of freshwater is widely recognized as an
essential factor influencing the biological productivity of

.estuarine (tidal) areas as diverse as the Black Sea (Rozengurt
and Haydock 1981), the Caspian Sea (Rozengurt and
Hedgpeth 1989), the Nile Delta (Ben-Tuvia 1973; Halim
1975; Maney 1979); the Gulf of St. Lawrence (Sutcliffe .
1972, 1973), San Francisco Bay (Turner and Chadwick
1972; Stevens 1979; Herrgesell 1983), Chesapeake Bay
(Pearson 1948; Shea et al. 1980; Ulanowicz et aI. 1982), and
the bays and estuaries of the Gulf of Mexico (Chapman
1966; Copeland 1966; Copeland et aI. 1972; Hackney
1978; Schroeder 1978; Stone et al. 1978; Powell 1979;
Texas Department ofWater Resources 1982c).

. 10. Creation ofa cutting and filling mecha­
nism that affects both eros~onand depo­
sition in the bays and estuaries;

Creation of a resource partitioning.
mechanism among estuarine plants and
animals as a result of the combined
effects of inflow on salinity, tempera­
ture, and turbidity of bay waters;

Modification of concentration-depen­
dent chemical reactions, ion-exchange,
and flocculation (coagulation and pre­
cipitation) of particles in the saltwater
environment;

Reduction ofmetabolic stresses and the
energy required for osmoregulation
(regulation of internal body salts) in
estuarine-dependent organisms;

Provision ofa medium for the transport
of beneficial sediments and nutrients,
the biogeochemical cycling of essential
primary nutrients (carbon, phospho­
rus, and nitrogen), and the removal of
metabolic waste products from living
organisms;

9. Distribution (horizontal displacement)
and vertical movement of organisms in
the water column related to the stimu­
lation (release) of a positive phototaxic
or negative geotaxic behavioral response;

6.

8.

5.

7.

Dilution and transport ofharmful ma­
terials and contaminants;

Creation and maintenance oflow salin­
ity nursery habitats which provide food
and cover to juvenile fish, shrimp, crabs,
oysters, and other biota; .

3.
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11. Creation of a salt-wedge and mlXlng
wne in concert with tidal action from
the ocean;

12. Transportation of allochthonous (ex­
ternal) nutritive materials (organic de­
tritus from decaying plant and animal
tissues) into bays and estuaries as a func­
tion ofland surface topography, amount
ofrainfall, and size ofthe drainage area;

13. Migration (timing of arrivals and de­
pa,rt'u~~s) and o~ientation'(directio'n~f

movement} ofmigratory organisms like
the penaeid shrimps and many marine
fishes; and

14. Stimulation ofsome plants and animals
that may be considered less desirable or
even a nuisance to man such as the
plant-like ~'red tide" organism, the Eur­
asian water milfoil, the South American
watei"hyacinth, and'the Chinese grass
carp.

The dynamic nature ofestuaries. Nevertheless, this
does not mean that estuarine needs for freshwater inflow are
in some way' constant or uniform. In fact,-dynamic inflow
fluctuatio~swithih the productive range, both seasonally
and annually, are realistic and desirable for Texas bays and
estuaries. Moreover, the seasonal timing of freshwater
inflows is most important because adequate inflows during
critical periods of reproduction and growth can produce
greater benefits than constant inflow throughout the year.
However; extended or semH>ermarierit inflow conditions
which consistently fall below maintenance levels can lead to

degraded estuarine environments, loss Ofimponant nursery
areas for the young ofeconomically valuable fish and shell­
fish (seafood}resources;and a'reduction in th~tremendous

potential for:'natuial assimihltion of organic and nutritive
wastes produced by'man's activities (i:e.; municipal, indus­
trial, and agricultural wastes).

Effects oflarge-scale weatherpatterns on inflow. Per­
haps the most dramatic 'reductions Of freshwater inflow
occur in' corined:ion with large-scaie' changes in weather
patterns producing drought., Although the 22-year Hale
double-sunspot cycle' and the 18.6:year lunar nodal cycle
seem related to periods of drought, high-resolution fre­
quency analysis and statistical testing of tree-ring data from
the past 300 year~indicateS'that a tec';1trence interval of
approxirilately'·20 years for major droughts is too weak and
irregular for use inforecasting (Mek61985). Climatic cycles

exhibit observed tendencies for either wet or dry years to
occur in clusters, and for several individual years in a cluster
to contain particularly extreme (flood or drought) condi­
tions. This phenomenon has been described by Mandlebrot
and Wallis (1968) as the "Noah and Joseph effect," named
for events in the lives ofthe two famous biblical personalities.
In this view, the occurrence of a number of hot, dry years
during the decade of the 1980's after several wet years in the
1970'shas been just a return to the "normal" cycle forasemi­
arid state like Texas.

Freshwater inflow reductionsdue to human activities.
,Other causes of reduced freshwater. inflow include the im­
poundment and diversion activities of man. The construc-
i:i~n'of da~s on stre~ms and rivers impounds state waters
and creates multipurpose lakes and reservoirs. As a first step
in the systems analysis ofenvironmental impacts from dam
construction, Darnell et al. (1976) pro'po~bd a ~oncept~ai

sequence of impacts on coastal estuaries that includes the
major physical ahd chemical effects that are p~ssible, (Figure
l.0.I).' The actual impacts will ,:ary ftom, reservoir to
reservoir, but many can be successfully reducbd or mitigated;
at least iri pari; through the lise of optiIi1ization·techi~iqiJ.es
to" improve the operating rules for anyriecessarY~ater

resOllrces projects.' :These' optimiZation techniques ca~"be
used to c~eate reservoir operatirigplaris which w'ill cause the
least h.irm to the environ'ment while allowing maximum
behefi~ial use of state waters. '

Diversion and beneficial use 'of impounded' water,
free:'fiowing surface water,and pumped groundwat~iin
Texas have be~n an essential part o'f the developme'ntand
growth of the state economy, enabling it to grow to a size
matched by only a few nations during the last half'of this
century. Furthermore, water use can produce important
beneficial'flows by providing a substantial' streamflow base
during dry seasons wheCl little natunil flow may' occui iri
Texas, 'whereas some water conservation and reuse activities
canacti.tally'~educe freshwater inflo~s by red~cing the
amount of ,water used and discharged back to the state's
waterways as wastewater return' flows. '

Effects of reduced freshwater inflows. The' major
effects associated with loss ofihflowdue to droughts, dams,
or diversions of freshwater have been observed to include,
but may not be limited to:

l. Increased salinitY Of bay, estU<lfy; and
neritic (nearshore) marine waters;

2. 'Reduced mixing due to saliniry'differ­
ences and'striltification of the water
column;

<"'1-



:., :·t

Sediment
accumulation

Effects on
stream

~e::ion }
flow R d ced... e l! ----+
Reduction flushing
inflow
volume

Great short-
term variation in
flow volume

Increase in
salts

Elevation of
stream bed

Reduction in
cross-sectional
area of stream

Channel
clogging

Increased Modification of
flOod : -+ riparian habitat
hazard

Reduced
flushing

Sediment " }accumulation ' ,
, , ,Modified
Altered patterns Of circulation
scouring, shoaling patterns
and bottorn

, contouring

Biological
effects

Modification of
estuarine
habitat

Build-up of
pesticides and
heavy metals

{

~~~~:ed,'
salinity

Sharpened
salinity ---------1

. gradients

Reduced
freshwater
input

Reduced
sediment and
nutrient input~ Reduced

fertility --------./

{

~~r~JM---+

Effects on Modified
estuaries seasonal

patterns of
!resh~ater
Input

Far
Dam ~ down-
construction stream

. Reduced

}outflow
Reduced fertility Modification

Reduced of marine • of marine
Effects on dissolved and waters habitat
coastal suspended
environment nutrients

Reduced Reduced Severe Modification
sediment -. beach ~ beach • of beach
transport, nourishment erosion habitat

Figure 1.0.1. Facror train analysis of rhe far downstream (including estuarine and marine) effects of dam construction on
werlands. Only the major physical and chemical events'are presented. After Darnell et al. (1976).

3.

4.

5.

6.

Penetration of the salt-wedge farther
upstream allowing greater intrusion of
marine predators, parasites, and dis­
eases;

Saltwater intrusion into coastal ground­
and surface water resources used by
man; ,

Diminished supply of essential nutri~

ents to the estuary from inland or local
terrestrial origins;

Increased frequency' of benthic (bot-,
tom) sediments becoming anaerobic.
(without oxygen), liberation of tt?xic
heavy metals ,into the water column that
had been sequestered in the benthic
substrates, and sulphur cycle domina­
tion;

7.

8.

9.

Reduced inputs of particulates and
soluble organic matter with floccula­
tion and depositio'n of the partiCles 10­
~ly rath~r than being mo~e widely
dispersed throughout the estuarine eco­
system;,

Loss of economically Important sea­
food harvests from coastal fisheries' spe­
cies for a variery of reasons related to
high saliniry conditions, reduced food
supply, and loss of nursery habitats for
the young; .

Loss ofcharacteristic dominance ofeu-,
ryhaline (widely salt-tolerant) species in
the bays and estuaries to stenohaline
(~ar~owlysalt-tolerant) species as natu- .
ral .selection occurs for species more
fUlly ad~pted to marine conditions in "
general;

3



1.1 LEGISLATIVE DIRECTIYES

Creation ofa state-wide water plan. Because the
1950's drought ranked among the most severe of the past
400 years (Texas Water Development Board 1968), there
was a clear sti'mulus for legislative action. hi response, the
55th State Legislature enacted the Texas Water PlanningAct

The crucial need for freshwarer inflows to Texas bays,
estuaries, and their economically important fish.ery.respurceS
was first recognized by Hildebrand and G~nter (i953}.At
that time, virtually all parts o{the state were experienciJ;lg the
effects ofone ofthe ~ost severe 4roughts in niodern histoIY,. '
Beginning in 1948, the drought was finally broken by heavy
rains and flooding in the spring of 1957. During 1956, the
worst year of the d~~de~long ,drought, combined river
discharges measured at'the last streamflow gaging station on
each major Texas river amounted' to only 4. r million acre­
feet, or about 14% ofthe average annual freshwater inflows
to the state's bays and~tliaries. As'a result of the drought,
bay oyster (Crassostrea virginica) produ~tion i'n Texas prac­
tically ceased, white shrimp (Penaeus setiferus) harvests were
drastically reduced, and estuarine-dependent fishes such as
the black drum (Pogimias cromis) were bllnded'and exhibited
body lesions fr~m extrenie high salinity stress (Simmons and
Breuer 1962). '

/" .','

Total expenditures by the TWOB and the Texas
Department ofWater Resources (formed by the consolida­
tion of ~he TWDB;Water Rights:Commis'sion, and Water
Quality Bdara ih 1977) o'n the Bays and Estuaries Program
over the 12-year period between 1967 'and 1979 were
estimated at $6.8 million and resulted in a series ofpublished
reports 'coveririg 'each' of the state'slseven qJ.ajor eStuarine
systems (Texas Depailment of; 'Water Resources 1980a,
1980b, 1981 a, 198l'b, 1981 c, 1981 d, 1981e, 1982a, 1982b,
1982c, an(f'198'3). 'Although the reports did include pre­
liminary estimates of the freshwater inflows needed from
major Tex3.s rivers to meet'several management alternatives
(Table 1.1.1), many scientists, engineers, and legislators
believed that the essential databases were still too limited and

Early co~perative iniei;agency studies. In preparation
ofthe first plan, the TWDB also initiated a cooperative Bays

:,and ~tl.lar!.~sProgram in 1967 for the purpose ofcollecting
·"the physical, chemical, and biological data necessary for state

water planning. Activities under the Program expanded in
1975 when, the 64th State Legi,slai:Jre enacted Senate Bill
137 which required comprehensiv~ ~tudies of the effects of
freshwater inflows on the bays and estuaries to be performed
in cooperatio'n with the Texas Water Rights Commission,
Texas Water Quality Board, General T.imd Office, Texas
Parks arid Wildlife Department '(TPWD), and the Texas
Coastal and Marine Council. This early round of coopera­
tive interagency studies was completed by December 31,
1979. ' ,

of 1957 in" sp~cial sesSion. This act, followed by several
:'. related acts and amendments over the next ten years, ulti­

mately resultedip'the creation ofaTexas Water Plan by the
Texas Water Development Board (TWDB). The plan was
published in November 1968 ~nd formally adopted in 1969
as a flexible: guide to the conservation and development of
the state's~ater res~urces. Because of specific legislative
directives (Section 16.051, Texas Water Code), the plan was
to give consideration to the effect ofupstream development
on the bays, estuaries, and arms of the Gulf of Mexico.
Consequently, the first Texas Water Plan called for an
e~timated 2.5 million acre-feet of supplemental freshwater
inflows annually to Texas bays and estuaries, and a coastal
canal system to facilitate distribution ofsurplus water among
the 11 major river basins that flow to the coast, ten ofwhich
have headwaters that originate entirely. within the state.
Although voters declined to approve funding for pa~;0'[this
first state effort, the TWOB regularly updates the plan to
ensure use of the best available information in meeting

.,; today's water needs and planning for the future. The current
, version of the plan emphasizes water supply, treatment,

distribution, conservation, and the collection and treatment
ofwastewaters; however, the coastal canal system proposed
in the past is not included in the present plan.

Increased populati,ons of. salt-tolerant
mosquitos and flies;

Alteration oflittoral drift and nearshore
circularion patterns; and

Deterioration ofsalt marshes, mangrove
stands, and seagrass beds if under con-
stantly eievated salinities; , '

Loss ofsandIsilt renourishment ofbanks
,a~d shoals resulting in erosion;

Aggravation of all negative effects du'r­
ing low-flow (drought) periods with
increasing severity as the freq~ency of
occurrence increases (OdumI970;
Snedaker er al. 1977; Hackney 1978;
Texas Department ofWater Resources "
1982c; Skteslet 1985).

, Increased incidence of human diseases
such as cholera caused by the bacteria
vibrio cholerae in imprope~ly cooked
seafood;

11.

12.

10.

13.

14.

15.
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Table 1.1.I.Summary ofprevious esrimates ofgaged river flows a in millions ofacre-ft needed for Texas ba~ and estuaries based on 1975-1979 studies.

Esruary Sabine- Trinity- Lavaca- Guadalupe Mission- NuecesC Laguna
Neches San Jacinto Colorado Aransasb Madre

Average annual 11.2 7.09 2.54 1.81 0.104 0.575 0.335
gaged tiver flows
(1941-1976)

Alternative I 5.69 4.61 1.46 1.24 0.0155 0.356 0.182
(sustenance)d

Alternative II no estimate 4.89 2.41 1.62 0.0194 0.397 0.285
(maintenance)e possible

Alternative III no estimate' 4.75 2.44 1.83 0.0427 0.550 0.292
(enhancementi possible

Alternative IV 2.02 0.822 0.808 0.755 0.0028 0.118 0.138
(viability limit)g

a Freshwater inflow to each estuary as measured at the last nontidally affected gage located on each contributing river.
b Gaged flow only on Mission River at Refugio. .
C Gaged Nueces River flow adjusted for diversions at Calallen just above Nueces Delta.
d Estimate based on salinity and delta marsh inundation needs of each estuary.
e Estimate based on salinity, i~undation, and fisheries needs to maintain commercial harvests at average levels.
f Estimate based on salinity, inundation, and fisheries needs to enhance harvests ofselected major commercial species.
g Estimate based on monthly limits of bay salinity within which economically important and ecologically characteristic fish and shellfish

survive, grow, and maintain viable populations.

the estimated needs too unreliable to be used for water
management and regulatory purposes. This point of view
was reinforced later at the National Symposium on Freshwa­
ter Inflow to Estuaries (San Antonio, Texas, September 11­
13, 1980) where several technical papers emphasized the
need for much longer-term databases before any real under­
standing of the complex estuarine ecosystems could be
developed (Cross and WiIIiams 1981).

1984]ointlnterimLegislativeCommitteestudy. Sub- .
sequently, a Joint Interim Legislative Committee on Water
Resources was formed and a public hearing was held to
consider important bay and estuary issues (Houston, Texas,
January 26,1984). At that hearing, representatives from the
Texas Department of Water Resources (TDWR) repotted
on the early freshwater inflow studies, their limitations, and
the need for additional information to support decision­
making and water management. The TDWR also proposed
legislative language for protection of living estuarine re­
sources in the consideration and issuance of water rights
permits to impound, divert, and use state waters. The
proposed biII was generally similar to controversiallegisla­
tion previously debated in the 68th Legislature (1983) which
had caused a major package ofwater plan legislation to fail;
however, in one significant difference, the TDWR's pro­
posed bill called for an appropriation of $2.8 miIIion to
finance at least three additional years of data collection that
would be used to develop management plans for each ofthe
state's major bay and estuary systems.

5

Authorizationfor thepresentstudy. Eventually, much
of this language was incorporated into House Bill 2, which
was successfully enacted by the 69th Texas Legislature in
1985. Further clarifYing amendments (Senate Bill 683)
were added during the next regular legislative session in
1987. Under this new legislation, the TWDB (formed by
the split of the TDWR into the Texas Water Commission
and the TWDB) and the TPWD were directed to jointly
establish and maintain a continuous data collection and
analytical study program to determine the bay conditions
(i.e., sediments, nutrients, and salinity gradients) necessary
to support a sound ecological environment. The studies
were to be completed by December 31 ,1989, and following
publication of study results, were to be submitted to both
cooperating agencies for review and comment (Section
16.058, Texas Water Code). In addition, the 1987legisla­
tion also directs the TPWD and another regulatory agency,
the Texas Water Commission (now renamed the Texas
Natural Resource Conservation Commission, or TNRCC),
to jointly review the studies for the purpose ofdetermining
the specific quantities and qualities of freshwater inflow
which are necessary for maintaining the bays and estuaries,
and to provide information necessary for water resources
management (sections 11.1491 and 11.147, Texas Water
Code). Again, any publication of reports on specific fresh~

water inflow needs completed under this section of the law
by the regulatory agencies were to be submitted to both
agencies for review and comment.
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CHAPTER 2: STATEMENT OF PURPOSE

2.0 INTRODUCTIO~

An estuary is a semi-enclosed CO<L'itaJ body ,of water
which has a free connection with the open sea and within
w1).ich sea water is measurably ,diluted with fresh water
derived from land drainage (Pritchard 1967b). Texas coastal
plains estuariesrypically include wetlands and open bay
waters in which nutrients from river inflows, adjacent land
runoff, and the sea support a productive community of
plants and animals.

There is concern that modifications ofour estuaries,
particularly creation ofnavigational channels and alteration
ofinflows, have or could cause reductions in estuarine
populations offish and wildlife. Construction of the
Intracoas.tal Waterway may have caused the Laguna Madre
to become less'saline and the Chenier Plains Marshes near
Sabine Lake to become more saline. Alteration of seasonal
inflows in the Sabine River dueto the Toledo Bend Reser­
voir: may have sharply reduced shrimp production in the
Sabine Lake, area. Striped bass (Morone saxatilis) no longer
exist in Texas estuaries in harvestablequantities (Collins and
Smith 1893; Gulf States Marine Fisheries Commission
1986; Quast et al. 1989). Snook (Centropomis undecimalis)
have also dramatically declined in abundance (Matlock and
Osburn 1987). Oyster (Crassostrea virginica) landings from
Nueces Bay have ~ssentially disappeared (Collins and Smith
1893; Quast et al. 1989), and extensive dredging of oyster
beds for shell during the period 1941 through 1967 reduced
availablesubstrate for oyster populations (Quast et al. 1988)
in many Texas estuaries. In addition, numbers of brown
pelicans (Pelecanusoccidentalis), ESkimo curlews (Numenius
borealis), piping plovers (Charadrius melodus), and ~eri­

can alligators (Alligatormississippiensis) also ha,ve histo~ically

,declined.' Waterfowl populations have; bee~. dramatically
.reduced. Recently, however, there have ~een significant
increases in the numbers of brown pelicaIls,. whooping
cranes (Crus americana), and American alligators.

The reasons for the reductions in these populations
are not always clear. Overfishing, habitat .destruction or
alteration, and pollution have occurred and are undoubtedly
contributing factors. Alteration of seasonal fre~hwater in­
flows has also had some influence, and there is co~cern about
the quantity of inflow, reaching the est~a~ies. Even though
there have b~en changes in t~e abundance of some species,
the available data suggests that Texas estuaries still retain
much oftheir historical composition and prodllctivity. Care
needs to be exercised to ensure that future water develop­
ment does not impair or contribute to the reduction of the
unique natural heritage and productivity ofTexas bays and
estuaries.

2.1 REGULATING FRESHWATER INFLOWSTQ
BAYS AND ESTUARIES

Legislative Direction

The 69th Texas Legislature assigned the responsibility
for water rights permitting to the Texas Natural, Resource
Conservation Commission (TNRCC) and gave the Texas
Parks and Wildlife D,epartment.(TPWD) authority to be a
party in hearings on ,appli<:;ations for permits to ~'tore, take,
or divert water-actions that, Can change ·the pattern or
quantity off~eshwater inflow. The ~gislaturedirected the
TNRCC to consider effe(;ts on bilYS and estuaries for all
water rights permits: with a specific directive to include
protective provisions in certain permits by applying the
following performance standard when making decisions

. concerning ~ater rights p,n rivers and st,reams leading to bays
and estuaries:

", for permitsissue.d.within an,area that is
',,; 200 river rpiles ofthe coast, to commence .

from" the mouth of the river thence in-
.,; ". ': .

land, the commission sha,ll,include in the



permit, to the extent practicable when
considering all public interests, those con­
ditions considered necessary to maintain
beneficial inflows to any affected bay or
estuarysystem. TEXAS WATER CODE
11.147(b)

The performance standard was indicated bythe phrase,
"conditions considered necessary to maintain beneficial
inflows to any affected bay or estuary system." The crucial
term "beneficial inflows" was defined in greater detail in the
legislation:

In this section, "beneficial inflows" means
a saliniry, nutrient, and sediment loading
regime adequate to maintain an ecologi­
c:lily sound environment in the receiving
bay and estuary system that is necessary
for the maintenance of productivity of
economically imponant and ecologically
characteristic spon or commercial fish
and shellfish species and estuarine life

, upon which such fish and shellfish are
dependent. TEXAS WATER CODE
11.147(a)

The Legislature also directed the Texas Water Devel­
opment Board (TWDB) and the TPWD to establish and
maintain a continuous data collection and evaluation pro­
gra~and conduct studies and analys~aimed at determining
bay conditions that provide asound ecological environment:

The Parks and Wildlife Department
and the Board shall have joint
responsibility, in cooperation with other
appropriate governmental agencies, to
establish and maintain on a continuous
basis a bay and estuary data co~lection

and evaluation program and conduct
studies and analyses to determine bay
conditions necessary to support a sound
ecological environment. TEXAS
WATER CODE 16.058(a)

Interpreting the Legislation

An ecologically sound environment. The legislative
goal is to maintain an ecologically sound environment so
that it is possible to maintain the productivity ofcommercial
and spons species, and other organisms. While the legisla­
tion did not specifically define the phrase "ecologically
sound environment," an interpretation is possible. Concep­
tually, an estuary can be coIisidered to be ecologically sound
when the typical physical, chemical, and biological param-
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eters that are measured-including the characteristic bio­
logical communities-fall within the range of values that
historically occurred before humans interfered with natural
processes (e.g., by constructing waterways, introducing pol­
lutants, and altering freshwater inflows). Operationally, an
ecologically sound estuarine environment can be defined as
one having densities of animals and plants not significantly
different from the historical patterns of abundance or com­
position. In practice, this may be difficult unless the physical
and chemical propenies are sufficiently close to historical
conditions so that the biotic communities are not degraded.
Adoption of this definition by resource managers should
result in the retention ofthe estuary's biological diversity and
ensure that the estuarine system remains resilient to natural
and man-made disturbances. Disturbance is a factor oflife
on the Texas coast-intense hurricances'occasionally hit the'
coast, and hard freezes, droughts, floods, and chemical spills
also can dramatically affectestuarine habitats. '

The legislation specifically mentions that production
offishery species is to be maintained: This implieS thatmore
than just a remnant population is' to be pres'ent. The'
population should suppon an economically harvestable
surplus. ""," 'f

(i"': ",

Other characteristics of ecological soundness. An
ecologically sound estuarine environment is characterized
by having several trophic levels through which -nutrients a're,
routinely cycled (Odum 1959; Perkins 1974). Texas estu­
aries have several trophic levels that include harvestable.
quantities of predatory fish at the top level; shrimp, crabs,
and oysters, which function at the middle trophic level and;
are also valuable as food; and an abundance oflower-trophic­
level consumers o~ which all the animals in the' higher'
trophic levels depend. It is the presence of these groups, in
combination with the large ~umbers ofalgae and other' plarit
species in the estuaty which creates 'a food-web capable bf
sustaining those relatively few species imponant to man for
food and recreation. These estuarine aIiimais vary in abun­
dance among the Texas estuaries depending on diffeh:nces
in the physical, chemical, and biological parameters in each
system. In addition to these estuarine species, a variety of
amphibians, reptiles, migratory waterfowl,-shorebirds, and
mammals are associated with adjacent wetlands and inter­
tidal areas.

Necessary and sufficient conditions to maintain p~o­

duitivity. The' legislation assumed thit maintaining an
ecologically sound environment is a necessary condition to
maintain the productivityofvarious fish and shellfish species
and the estuarine organisms on which they depend., How­
ever, maintaining an ecologically sound environment is not
sufficient by itselfto guarantee maintenance ofproductivity.
Overfishing or catastrophic chemica:! spills are examples of



human activities that could cause productivity declines even
ifan ecologically sound environment had been maintained'.
Regulation of fishing, navigation, and hazardous material
handling are some of the kinds of managerial measures that
must be used to'build upon an ecologically sound environ­
ment to maintain productivi.tY of the desired species.

,Managingfor an ecologicaOy sound environment. A
ptimaty management method to achieve the legislative goal
with respect to freshwater inflows ,is to incorporate special
conditions in state permits to store, take, or divert water. In
general, these conditions will regulate the quantity and
timing of the permitted water use. The legislation recog­
nized that thedilution ofmarine water by fresh water and the
supply of nutrients and sediments were the three major
influences that rivers and streams have on estuaries. The
quantity and pattern of freshwater inflows over time is the
normal mechanism' that regulates the salinity of estuarine
waters and the inflow ofnutrients and sediments. Therefore,
special conditions in water rights permits have to be designed
so that the salinity and nutrient levels and sediment supplies
are adequate over time to provide an environment in which
the production of estuarine organisms may be maintained.
In addition to'managing the flows in rivers and streams,
regulating the quality and quantity ofwastewater discharges
for the benefit of the state's estuaries must become a recog­
nize4strategy.

Summarizing the legislation. Paraphrasing the logical
sequence ofstatements from the legislation: (I) the TNRCC
has the authority through the issuance ofpermits to control
uses of fresh water that normally flows into the bays and
estuaries; (2) where practicable, the Commission shall in­
clude special inflow conditions in the permits; (3) the
conditions will be based on consideration of the effect fresh
water has on the salinity, nutrient, and sediment loading
regime ofthe recdving estuary; and (4) the salinity, nutrient,
and sediment loading'regime shall be adequate to ?1aintain
an ecologically sound environment in which the productiv~

ity of various target species can be maintained.

2.2 PLANNING THE ENGINEERING AND ECO­
LOGICAL STUDIES

Implications of the Legislation
, ' . .

The sequence of logic specified in rhe legislation has
several consequences for the engineering and ecological
studies. First, the studies must invesrlgate the relationships
between freshwater inflow and salinity, nutrient, and sedi­
merit loading regimes. Othe~ise, it will be impossible to
relate the quantitative inflow conditions specified in the
permits ~ith the appropriate salinity, nutrient, and sedi­
ment loading regimes.
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It will also be necessary to rationalize and describe the
bounds of various environmental variables 'that define an
ecologically sound environment. These determinations will
have to be made on a b~y-by-bay basis and include informa­
tion about historical patterns of inflow and other variables,
as well as the physiological and habitat requirements of
various species or biological communities.

It will be necessary to provide analytical methods to
identifY or calculate quantities and patterns of inflow that;
supply the salinity, nutrient, and sediment loading regimes
that are adequate to maintain an ecologically sound environ­
ment. The methods will have to deal with the direct
relationships between inflow and salinity, nutrient,' and
sediment loading. Tl).ey also will have to include'th~effects
of other variables (e.g., tides and local weather conditions)
not controlled by inflow but which influence salinity, n'utri­
ent, and sediment loading, while still producing results that
fall within the range ofvalues that satisfY the ecological goal
of the legislation. .

Goals for the Study

With these requirements in mind, the following three
goals were identified and agreed on by staffrepresentatives of
the TWDB, TPWD, and TNRCC:

.
Goal 1. To provide qualitative and specific quantita-

tive relationships among freshwater inflows and selecred
physical, chemical, and biol~gical proces~es involved in the
productivity of coastal bays and estuaries.

Goal 2. To provide information about impacts of
normal inflow variations (drought to flood conditions) on
bay environments and their li~ing resources.

Goa/3. To provide state-of-the-art tools for address­
ing decision-makers' ,questions about the impacts of water
development, as well as other human activities, on the bays
and estuaries. >

Specific S!Udy Objectives

A set ~f ex'pli(;it program objecti~es were defined to

allow specific studies and analysis to be planned and per­
formed. Studies were undertaken by the TWDB and the
TPWD. In addition, a variety of studies and services were
perfor~ed by other state and federal agencies and u~iversi­

~ies through interagency contracts with the TWDB and
TPWD which were funded by the TWDB'sWater Research
and Planning Fund. Participating institutions included: the
TNRCC, Texas Department of Health, National Marine
Fisheries Service, University ofTexas at Austin, Texas A&M
University; University of Houston, and Texas A&M Uni-



ver~ity ar C~rpus Christi. The sp',ecific objectiv~, for rhese
studies were: '

'Objective 1.' To compile freshwarer inflow, bay hy~

drographic, and biological data into computer-compatible
format files.

, Objective 2. To develop circulation and salinity
modc;ls for Texas bays, including finite-elemenr mathemati­
cal models of estuarine hydrodynamics and conservarive
mass transport, as well as statistical salinity-inflow regression
equations.

,: > Objective3~ To evaluate effects ofsalinity and salinity
.c;hange on esr~arineplants and animals. This would include
marine bacreria;' phytoplankton; benthic algae; vascular
macrophytes; zooplankron; benthic infauna; and fish and
,shellfish larvae, juveniles, subadults, and reproductive adults.
Also, analyses of fishety-independent data are a part of this
evaluarion.

Objective 4. To assess water quality trends over the
last two decades, including correlation ofantecedent inflow

,conditionswith the concentrations ofselected chemical and
water 'quality parameters.

Objective 5. To determine effects of freshwater in­
flows on river deltas and bay sedimentation, including
sediment loadings, ~hether effects are continuous or epi­
sodic, and h'ow this relates to estuarine maintenance.

Objective 6. To evaluate effeqs offreshwater inflows
on estuarine primaty (plant) production. This would in­
clude effects other than direct salinity effects, such as light
limitation (turbidity), nutrient loading, and the biogeochemi­
cal cycling of essential nutrients in estuaries.

Objective 7. To develop statistical harvest-inflow
regression equations for' commercial catch of estuarine­
dependent fisheries.

Objective 8. To develop a methodology to define
objective functions and constraints for use with optimiza­
tion procedures, such as mathematical or dynamic program-
ming models, and to perf~rm example analyses. '

Each of these objectives became topics for individual
studies. The final reports from these studies constitute the
technical appendices to this report., These studies provide a
wide base of information about the organization and pro-

, ,ductivity offour major Texas estuaries. This base of infor­
mation has been drawn on extensively to provide the data,
functional relationships, ~nd quantitative rel~tionshipsused
in this report. .

Other Objectives

, Five other objectives were identified by the 1WDB,
TPWD, and TN'RCC as suggested by the legislative require­
ments (TEXAS WATER CODE 11.1491). These' addi­
tional objectives are beyond the scope of the present study
required underSection 16.058. In general, they involve the
consideration of management objectives fo'r each bay sys­
tem, the application and verification ofthe new methodoro~

gies to each major bay and estuary in Texas,' and the
establishment of estuarine management co~ncils..'

Objective 9. To develop state management objecti~es
and constraints for use with the new optimization proce-
dures. '

Objective 10. To perform optimizatiori ~nalyses a~d
develop estimates offreshwater inflow needs for each 'maj~r

bay and estuary system over a range of conditions (short­
term or instantaneous requirements vers~s long-ter~ eco-
system needs). ,.

Objective 11. To review and validate inflow rdati6~~
ships using existing data, as well ~ any r~~ d;lta.' ';r .,.

Objective 12. To continue a data collection program
and update or revise inflow estimates as necessary duiiJg
1990-1995. This would include changes, made necessary by
large-scale modifications such as the direct diver~ion of the
Colorado River into West Matagorda Bay, the opening or
closingofGulfinlet passes like Cedar Bayouand Yarborough
Pass, and major navigation and development project~ in
estuarine areas like Galvesto~ Bay and Corpus Christi Bay.

Objective 13. To establish Estuary M~nagement

Councils for each principal bay and estuary system, and
pro~ide technical assistance as requested in their efforts to
develop alternative water management methods to meet the
estimated needs for maintainingan ecologicallysound c~~tal

environment.

2.3 SUMMARY

The goal of the 1985 legislation concerning fr~shwa­

ter inflow to estuaries is to ensure inflow 'c~>nditions that
provide an ecologically sound environment in which the
productivity of commercial and sports species, and other
organisms on which they depend, can be maintained. The
means to achieve this goal is to evaluate the effect each permit
application would have on downstream water quality,
insrream uses, fish and wildlife habitats, and bays a:nd
estuaries. Permits within 200 river miles of the coast would
include special conditions that will provide a salinity, nutri-
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ent, and sediment loading regime in the bay that maintains
an ecologically sound environment for these plants and
animals. In 1985. the Legislature appropriated 5% of the
annual firm yield to the Department for releases specifically
for bays and estuaries from any reservoir built with state
financial participation within the lOO-river-mile region.
The firm yield ofa reservoir is that amount ofwater that can
be diverted from the reservoir during the critical drought of

.record without incurring a shortage. The firm yield is
calculated using a computer model to simulate reservoir
operations assuming historical inflows.

To achieve the legislative goal, the state agency staffs
cooperatively determined that it was necessary to: investigate
the relationships between inflow and saliniry, nutrient, and
sediment loading; determine the conditions required for an
ecologicallysound environment; and prepare analytical meth­
ods that could be used in quantifYing freshwater inflow
needs. Eight specific study objectives were defined and five
additional objectives were identified that must be fulfilled
before the analytical methods can become operational.

11
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CHAPTER 3: ANALYTICAL APPROACH

3.0 BACKGROUND

Prerequisites for the Analytical Procedure

An essential task ofthe bay and estuary studies was to
prepare an analytical procedure that estimates the quantity
and timing offreshwater inflows to maintain an ecologically
soundenvironment so productivityoftarget species is main­
tained. This procedure had to satisfy several requirements:

Provide quantitative results. The procedure must
provide quantitative estimates· of inflow volumes. The
TNRCC must make decisions about quantities ofwater that
applicants propose to divert from rivers and streams. Ulti­
mately, the TNRCC must compare the amount of water
that will be diverted with the average stream flow, and decide
whether the amount ofwater remaining afrer diversion and
the temporal pattern of inflow is sufficient to maintain an
ecologically sound environment and bay productivity. Only
quantitative results will provide the information needed for
inflow management decisions.

Give inflow estimates appropriate for management
actions. Some ofthe inflow needs offish, shellfish, and other
target species are related to osmotic:; requirements or prefer­
ences during particular stages of the organisms' life cycles;
other inflow needs may be related to environmental cues,
nutrient demands, or other requirements that are not well
understood. Many target species have life cycles ofa year or
less; some fish and shellfish live for several years but have
reproductive cycles timed to particular periods of the year.
Since the inflow requirements ofthese organisms differ from
season to season or month to month, the inflow estimates
from the analytical procedure must be more detailed than
simply annual inflow volumes. Monthly or bimonthly
inflow volumes are an appropriate time scale for specifYing
inflows to satisfY the physiological and ecological needs of
the organisms.
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Historical data on stream flow, precipitation, and
ungaged runoff are available on a daily basis, and are easily
summed to monthly totals. Permits for diversions already
use monthly and daily volumes or flow rates in specifYing
permissible diversion quantities; self-reporting data from
permittees on return flow and diversions are monthly values:
Since the regulatory mechanisms and management informa-·
tion for controlling inflows already operate on a monthly
time frame, and monthly inflow volumes are appropriate for
satisfying the physiological and ecological needs ofthe target
species, the analytical procedure should provide monthly
estimates for inflow management.

Supply attainable inflow estimates. Inflow is largely
dependent on rainfall throughout a river basin; rainfall is not
under human control. The estimated inflow volumes from
the analytical procedure must be appropriate for the river
basin and estuary system being studied. It would make no
sense to require inflows greater than normally occur as
shown by naturalized streamflow records (the natural flows
if diversions and return flows did not exist); rainfall could
not deliver these quantities even if all human uses were
suspended.

Approximately 6.5 million acre-fr of fresh water was
diverted from streams flowing to Texas estuaries in 1980
(TDWR 1984}-about 15% of the average runoff carried
by streams that flow to Texas estuaries. This was the year of
highest surface-water use on record; it has declined since
1980 due to a significant reduction in irrigation. Under
average conditions, existing impoundments and diversions
upstream ofestuaries capture only a small proportion of the
streamflow to the coast; during drought years, the amount of
the streamflow reaching the esniaries will be reduced due to
decreased runoffand increases in diversion, impoundment,
and evaporation. Consequently, the monthly inflow pat­
terns computed by the analytical procedure must, to a great
extent, reflect the basin's historical streamflow pattern since



the volume and pattern ofinflow are largely the result ofthe
amount and timing of basin rainfall. It would be inappro­
priate for the month-to-month inflow pattern computed by
the analytical procedure to be radically different than natu­
ralized streamflow records due to rainfall unless upstream
impoundments had adequate capacity and releases were
managed specifically to satisfy the freshwater inflow needs of
the estuaries.

AeUress estuarine life and relationships identified by
statute. Legislation setting state policy in Texas for freshwa­
ter inflow management declares that the goal for manage­
ment is to maintain an ecologically sound environment so
that it is possible to maintain productivity of commercial
and sports species, and other organisms. The analytical
procedure should focus on these target species (assuming
this effort will maintain characteristic estuarine communi­
ties) and, w.here possible, apply quantitative estimates of
their productivity to ensure that an objective measure is used
to relate inflow amt productivity.

The .l~gislation defines beneficial inflows to be a
salinity, nutrient, and sediment loading regime adequate to
maintain anecologically sound environment in the receiving
b~y and es~uary. Since the legislation specifically addresses
salinity, a~d nutrient and sediment loading as the mecha­
nisms for ensuring an ecologically sound environment, the
analytical procedure should specifically encompass these
factors in the methodology.

.Offer easyaeUition 0/quantitative relationships and
infomzation.. The analytical procedure should be built
aroun,d. the target species and beneficial inflow relationships
described ab<?v~. It should be adaptable so that new quan­
,titative relationships involving inflow or new information
con~erni!1ghydrology, productivity, nutrients, sediment, or
.other pertinent factors can be readily incorporated without
requiring complete redesign.

Allow efficiency and flexibility in operation. The
procedure should be a useful tool to decision makers. It
should be efficient in its operation so that results are available
quickly. It should also be flexible so inflow estimates can be
determined over a range of conditions and management
objectives. In this manner, decision makers can attain an
understanding of the bounds within which they have lati­
tude to make inflow decisions.

Provide for checks o/method. While the procedure
should give results in terms ofinflow volumes that satisfy the
requirements, there should be an independent check on the
results to confirm that the bay and estuary environment
remains ecologically sound as specified in the legislation.. If
the results of the analytical proced'c,lre do not satisfy the
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independent check, the procedure should be flexible so
changes can be made in the analysis and an acceptable result
confirmed.

3.1 STEPS IN THE ANALYTICAL APPROACH

This set ofspecifications suggested an ordered analyti­
cal approach to this problem. The elements described below
were accomplished through a combination of studies con­
tracted with state and federal agencies and universities, and
completed by the staffs of the TPWD and TWDB.

Coastal Hydrology

Extendbase o/informationfrom 1977through 1987..
Basic to all aspects of this problem was coast;U hydrology.
The first step was to prepare updated hydrology. inforrn~"
tion, extending the original data set--covering the peri~d
1941 through 1976--through 1987. This includes data on
gaged and ungaged inflow, as well as evaporati.o~ and direct
precipitation on the estuary. Diversions and retun) flow:
information for ungaged areas was more extensiv~ J~J. ~h~
1977 through 1987 period than in earlier studies~. .":..!~,:

Improve ungagedhydrowgy methods. Earli~r freshwa­
ter inflow studies used a monthly water yield model. for
ungaged areas based on daily precipitation, Soil Conse~~:
i:ion Service curve numbers (Williams and LaSeu; .197.6),
and a soil depletion index to compute runoff fr~m :s;rt.ili
watersheds. The model was calibrated by using r;i~f~i!:
runoff data from gaged watersheds. While this model gave
fairly good results, a refined model was prepared that im­
proved overall runoffestimates and provided daily estimates;

Provide data for use in studies. The hydrology da,ia
provided the basis for many of the analyses by contractors
and agency staff. In particular, the data were used for inflow­
salinity regressions, inflow-harvest equations, sediment and
nutrient loading estimates, and the analysis of inflow-pro­
ductivity data for some ofthe contracted studies. Section 4.1
presents an overview of the coastal hydrology inform;tion
for the Nueces, Mission-Aransas, Guadalupe, Lavaca-Colo:
rado, Trinity-San Jacinto, and Sabine-Neches estuaries.
The section shows the general patterns of inflow and its
components, and trends ofinflow from 1941 through 1987.

Identification of the Effects·of Freshwater Inflow on
Ecosystem Components

Since earlier freshwater inflow studies on Texas estu­
aries were completed (TDWR1980a, 1980b, 1981c, 1981d,
1981 e, and 1983), significant advances have been made in
measurement techniques and concepts of bay and estuary



operation. At t\:l;e s,ame ti,me, estuarine ecosysrem compo­
nents have been unevenly studied, with S9me processes
bette~ understood th~n others. To broaden ~nd balance~ur
knowledge of ecosystem op~ration, a series ofstudy topi~
were prepared to provide ~ better pictur~ of the system
components and narural processes occurring in bays and
estuarie~. Some of these studies were designed to provide
specific information about the relationship of nutrients,
s,ediment, and salinity to inflow, ,as required in the legisla­
tion; others were undertaken to expand information about
the target species. J:.. commoq need was to definitively
determine whether a direct relationship existed between
freshwater inflow and an ecosystem component or natural
process.

Selecti~g the number and complexity 0/the compo­
nents for, study. Brandes (1976) presented a computer
simulation model of Texas bays and estuaries that was
originally intended to be used in estimating freshwa~er

i~flow requirements. The model included virtually every
component and process that was known to occur in estuarine
ecosystems at the time. It contained mathematical represen­
tations of popularions of phytoplankton, zooplankton,
benthic organisms, several groups of consumer fish and
shellfish, and microbial decomposers.

Some of the processes modeled included nutrient
uptake and regeneration, photosynthesis, growth and mi­
gration of species~ organism grazing and mortality, gas
exchange between the air and water column, and detrital
production and decomposition. The ecological model was
integrated into a simulation ~odel of bay circulation; con­
sequently, biological, chemical, and hydr9dynamic pro­
cesses were combined into a single mathematical representa­
tion of bay and estuary dynamics. Although the model was
well-conceived and carried out, the lack ofdetailed informa­
tion about specific components and natural processes in
Texas bays and the complexity of the model limited its use.

For this study, simple and direct relationships be­
tween freshwater inflow and ecosystem componen~s or
processes were emphasized. To the ,extent possible, the
relationships ,that were quantified were based on direct
m~asurementsfrom Texas bay,systems rather than ,lite~ature
for other estuaries. Considerable importance was given to
demonstrating the presence, or absence of a relationship
between inflow and the various ecosystem' components.
With the resources and timeavailaple for, this study, it was
not possible to quantifY the components and processes to the
extent needed to prepare a refined simulation model such as
Brandes' (1976) original,attempt.

The components and processes included in the studies
largely encomp~ed those des~ribed in Brandes' (1976)

15

simulation model, although there were a few differences.
For example, the pathways ofnutrient use and regeneration
are' now better defined; nitrification, denitrification, and
water column regeneration that were not specifically in­
cluded in the Brandes model were included for study by this
effort. A general description of the components and pro,­
cesses examined is given in the paragraphs below.

Inflow, salinity, atld nutrient and sediment loading.
Inflow was determined on a daily basis in the hydrology
studies. Describing the relationship between inflow and
salinity, nutrie,nt loading, or sediment loading required
quantification with field data that was collected over a long
time frame. Equations describing the inflow-salinity rela­
tionship for the Guadalupe Estuary are given in Section 8.2.
Inflow-salinity equations for other bay systems will be given
in later reports for each estuary. Section 4.1 provides an
overview ofsalinity characteristics and trends for the estuar­
ies over the 194J through 1987 period. Further detail for
the Guadalupe Estuary, presented as an example analysis, is
contained in Section 7.1.

The relationship between inflow and nutrient loading
for mo~t of the coast, is discussed in Section 4.2 and is
discussed in more detail for the Guadalupe Estuary in
sections 7.2 and 7.3. Inflow-nutrient relationships for other
bay systems will be discussed in later reports for each estuary.
N utrien~ distribution and abundance is atopic ofimportance
sin~ea spatial viewofnutrient concentration change provides
evidence of where nutrient uptake and, regeneration are
taking place, and of differences that occur throughout the
estuary. Temporal differences in daily, seasonal, and annual
~utrient abundance' at selected sites: provides information
about the uptake and release of nutrients and seasonal or
annual differences that may occur. ,Nutrient distribution'
and abundance for nitrogen, phosphorus, silicate, and carbon
is presented in Section 4.2 for the whole coast and in Section
7.2 for the Guadalupe Estuary, with emphasis on nitrogen.

The inflow-suspended sediment loading relationship
is discussed in Section 4.4 for most ofthe major river systems
flowing to the coast; specific information about the Guadalupe
estuary is given in Section 7.5. A major role of sediment
loading ,to the estuaries is to maintain habitat structure in
deltas and shallow bay bottoms., The relationship of sedi­
ment loading to ,the creation and maintenance of these
habitat features has not been widely studied along the Texas
coast. A litera~ure survey was conducted to gather all the site­
specific information available concerning this topic. Field
measurements were taken at the deltas on the Colorado and
Trinity rivers to assess the rate of wetland aggradation
(vertical growth) and erosion from freshwater inflow and bay
water movement: Results of these studies are also reported
in Section 4.4. '



PrimaryprodUction. 'Primary producrion forms the
base ofthe food chain in estuaries and provides energy for all
estuarine animals. Texas bays have several types of primary
producers: phyroplankton, benthic algae,
microphytobenthos, marsh grasses, and seagrasses. Phyto­
plankton provide the largest share ofthe primary production
in most estuaries. Studies were made of the distribution,
abundance, and production of phytoplankton. Important
aspects of the studies were the relationship of abundance,
production, and nutrient uptake to freshwater inflows.
Section 5.1 reviews the results of these studies and other
information about phytoplankton from several Texas bays.

Marsh plants in bayhead deltaS, fringing marshes
along the bay edges, and on the backside of barrier islands
produce a'significant quantity of organic material and pro­
vide important habitat to species targeted for inflow man­
agement. A study ofthe factors affecting the distribution of

, m'~rsh' plants waS undertaken for the Guadalupe Estuary;
emphasis was "placed on those factors thilt are affected by
freshwater inflow. Observations from this study are appli­
cable to other estuaries and are discussed in Section 5.2.

Seagrasses, vascular plants rooted in the bay bottom
that live their entire life cy~le submerged, are important
primary producers. Moving from north to south on the
Texas coast, the area ofmarsh plants declines while the area
ofseagrasses increases.: Seagrasses provide organic matter to
the estuarine community, a hard substrate for epiphytic algal
growth, and" habitat for species of -importance. Seagrass
communities were compared in the Guadalupe and Nueces
estuaries; and some differences were noted between years of
high and low inflows. Observations from these studies about
distribution and production, and the relationship to fresh­
water inflow, are presented in Section 5.2.

, Freshwater inflow transpons organic materials pro­
duced on land to the hays via runoff. Materials carried to the
bays include leaves, twigs, and decaying organic matter.
Freshwater inflow may also transport organic material from
delta marshes during periods of flooding. The importance
ofthese materials corrip:ued"to the organic matter produced
by phytoplankton has been a major question in determining
how estuaries fUnction. Studies were conducted to trace the
sources of organic material that is used by organisms and is
pre~ent "in the sediment to understand the role freshWater
inflow may have in supplying organic matter to the estuary.
Results of these studies are presented in Section 5.6.

Primary consumers. Zooplankton and benthic organ~
isms are the primary users ofphytoplankton produced in the
estuary and organic material transported by river flow. Both
groups'are prey for organisms higher in the food chain and
qualify as species on which fish "and shellfish are dependent.
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Zooplankton have relatively short generation times and may
respond through rapid growth to changes in phytoplankton
populations associated with inflow; They may also be swept
away with large inflow volumes. Section 5:Y e~a:mines

studies done inthe Lavaca-Colorado, Guadalupe, "alidN tid,es
estuaries and discusses the effect offreshwaterinflows on the
distribution, abundance,'and productivity of zooplanktolf:

Most benthic organisms are relatively immobile ana
are not physically displaced by large freshwater inflows~

They may, however, respond to increased levels of phyto­
plankton production or organic input resUlting from fresh­
water inflow by increased productivity. They may also
respond to drastic changes in their habitat, such as long
periods ofvery high or low salinity, by decreased productiv­
ity or death .. Data on macrobenthos have been" collected in
most bays over ten to 20 years. Section 5.4 discusses patterns
of distribution from the long-term benthic data collections
and from studies carried out in the Lavaca-Colorado,
Guadalupe, Mission-Aransas, and Nueces estuaries. The
section also report's on differences in abundance of small
benthic organisms (meiobenthos) related to inflow; and
differences in their consumption ofbacteria and algae fro"in
the bottom sediments.

Nutrientprocesses. Sediment and salinity are conser­
vative constituents ofestuarine ecosystems; they are neither
used up nor transformed, and the movement ofsediment or
saline waters can be traced in a relatively straightforWard
manner. Tracing the fate ofnutrients (carbon, nitrogen, and
phosphorus) is much more complicated since they are ac'­
tively taken up by organisms, processed many times before
they are lost from the system, and may be imported or
exported through many pathways that are not well docu­
mented. To be able to use nutrients ih the analytical
procedure; several contract studies were planned to investi­
gate their uptake; regeneration, and loss in bay systems. '

The processes of nutrient uptake, benthic and water
column regeneration, nitrification, and denitrification, were
studied in the Guadalupe and Nueces estuaries. Some
discussion of regeneration is given in' Section 5.4. A com­
parative view of 'nutrient cycling in the Guadalupe and
Nueces es'tuaries is given in Section 5.5; this section demon­
strates some of the differences that may occur in nutrient
cycling during wet and dry years.

One way to get an'overview of nutrient processes'in
estuaries is to prepare complete nutrient budgets that ac­
count for all the inputs to and losses from the system. Studies
in the Guadalupe and N ueces estuaries provided the detail
about individual processes such as regeneration and denitri­
fication, but a complete nutrient budget requires the addi­
tion of inflow information and bay' hydrodynamics 1:0 ac-



Freshwater inflow legislation provides a management
objective of maintaining productivity of sport or commer­
cial fish and shellfish and the estuarine life on which they
depend. Productivity, as mentioned in the legislation,
means the abundance oforganisms or the yield from harvest,
rather than its stricter interpretation, the rate of storage of
energy or mass, which is difficult to me~ure. While abun­
dance,or'yield are simple iri concept, they' also present
measuremeht problems. The best methods of measuring
abil!ldan~~r~quire'attention to, the location, timing, and

Stujies on adultfish and shellfish abundance, distri­
bution, andharvest. Metabolism. habitat preferences, feed­
ing opportunities, and reproductive needs generally gov~rn

the distribution and abundance of adult fish arid shellfish:'
Section 6.6 presents a review ofenvironmental requirerrie,nts
for nine major bay species and an evaluation of the effects
that freshwater inflows have on their distribution and life
history. This section also presents monthly relative ab1Jn­
dance information for the species in two salinity zones in San
Antonio Bay.

niles; the patterns and their relationship to freshwater inflow
are discussed in Section 6.3.

Another effect of saliniry on adult fish and shellfish
involves reproduction. The metabolic cost of inhabiting
suboptimal environments can be measured by'differences in
egg production and spawning frequency. Acclimation con- '
ditions experienced by females may'influence the size and'
condition ofthe eggs, fertilization s!-lccess, and other aspects
ofreproducti~n.Fresh water also alters the osmotic environ;
ment experienced by eggs arid larvae. Their ability to adapt
to different salinities strongly affects theirsurvival. While
adaptability is known to vary according to different salinity'
regimes, few st'udieshave systematically 106kedat salinity
tolerances and quantified day-to-day differences in survival'
after hatching. Studies were conducted to evaluate the effects '
of salinity on adult reproduction, egg hatching, and larval
development ofthree fish species with different life histories.
A review ofthe results ofthese studies is presented in Section
6.5. "

"As the organisms approach the juvenile stage, their
sali~iry require~:ents for osmoregulation become less im­
portant and their habitat requirements for cover and food
begin to dominate their distribution. 'Section6.2 presents a
review o(~alinity and habitat preferences for juveniles ofsix
common species and recent distribution information for the
Guadalupe Estuary from a large-scale sampling program
used to provide coinparative abundance measurements in all
bay~.' ' '

Marsh, sea'grass, open-bay bot~om, and reef habitats
are not distributed l;:venly throughout estuaries. ' In most
bays, tuge brackish-to-freShwater marsh areas are associated
with river deltas. Salt marshes occur on the backside of
barrier islimds, by the edges of bays in ateas draining the
uplands, and along the' bay front of the mainland that
pa~allels the bartier islands. Seagrasses are restricted by
depth', saliniry, and wave energy, and are found in narrow
fringes' around the bay edges and in locations that are
sheltered from strongwave action. Reeflocation depends on
hard substrates and orientation to currents. These habitats
ar~ known to be uSed by juvenile organisms, but the relative
importarice of one area compared to another as nursery
habitat has not heen rigorously tested, especially for different
wetland areas. Studies were conducted in the Triniry-San
Jacinto, Lavaca-Colorado, and Guadalupe estuaries com­
paring abundance of juveniles among habitats, at different
locations within a habitat, and before and after major
freshwater inflow events. These studies allow some general
patterns to be identified about the use of habitat~ by juve-

count for all the gains a;nd losses. The ,models of bay
circulation can beusedlt~"pt6vide this det~il. Section 7.3 is'
a complete nutrient budg~i:fortHe Guad:lJupe esruary. This
budget was prepared" under fonditions' of high 'and low StUdies on metabolism, reproduction, and larvalsur­
inflows so diffeiericesiIi' the 6verall 'pattern of nutrient viva! in fish. Adult organisms have well-developed osmo­
processing and movemeilt with resp'ect to inflow'could be' regulatory abilities. The larger fish and shellfish species that
understood. Nurrienr budgets constru~ted' in a sim'ilar are ofinter~tbecauSe oftheir sports orcom~ercialvalue can
manner for other bay 'systems will be disc~ssed iIi later' ' move about at will, takingadva~tage of opportunities for
reports Jor each;estuary.' food or c~ver. Their physiology allows them to inhabit

, environments that are suboptimal by paying a metabolic
Studies onlarvM, "md juvenik fish and shellfish. price: they commit e~ergy to osmoregulation so they may

Freshwate~ inflow may have an effect on larval and juvenile temporarily take advantage of other habitat benefits. The
fish and shellfish: it may influence the transport ofanimals effects of ,:arying 'salinities on adult fish metabolism is
into the estuary from the Gulf or spawning areas in passes; discussed in Section 6.4.
and, it may control the use of certain habitats favored by
spe~ies for theit growth and development. Eggs and larvae
are carried into the estuary from the GulfofMexico or from
spawning areas near paSses. A few studies on other coa1ts
have suggested that fresh\,Vater inflow influe,nces egg and
larval transpOrt. A study was pursued to e~aluate the
importan~eofthese factors and determine whether any were
related to freshwater inflow. Results of that study are
discussed in Section 6.1.
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selectivity of the collecting gear as well as a:dequate sample
sizes to ensure that variation can be treated statistiCally and
that samples are unbiased. This type ofsampling program
has been conducted in Texas bays for a few years: 'Unfortu­
nately, there have not yet been enough years ofdata ~ollected
within anyone bay system to allow results of this fishery­
independent sampling program to be the basis of the quan- '
titative relationships between inflow and abundance needed
by this study. However, these data can be used to demon­
strate correlations between densities in areas of the bay and
salinities. They can also be used to evaluate likely conditions
for growth and reproduction. Section 6.7 uses this abun­
dance information to assess differences among the bays from
the lower Laguna Madre through the Trinity-San Jacinto
Estuary.

, Annual harvest information has been collected since
the 1940;s. Data earlier than 1962 suffer from a variety of
inconsi~i:enciesand cannot be used. Consequently, about 25 ,
years of harvest data are available for analysis. The use of
harVest data has a number ofdrawbacks: there are problems
of accuracy and unreported harvest; fishin'g effort must
sometimes be considered in the analyses; new information is
n6t available for species that are no longer harvested; and,
data ~re available only for comm~rcially harvested species.
E~en ~ith these caveats, harvest information provides a
significant data set over a wide range ofinflow conditions for
determining a quantitative relationship. Section 6.8 pre­
sents an analysis of the effects 'of inflow, on commercial
harvesr, based on data for seven species, using multiple
regressio'n to relate the variables.

While harvest statistics provide direct information
about major commercial fishery species, there is no compa­
rable quantitative data available for those species character­
ize4 ~s estuarine life on which sport and commerci'al fish and
shellfish' are dependent. In practice, the inflow-harvest
relationship embodies more than just the direct effects of
fre~h wat~ron commercial fish or shellfish; it includes
indirect effects of inflow on the habitats and organisms on
which they feed. Thus, it is an integrative measure of the
effect of freshwater on the fishery rather than just on the
individual organism's physiology. The fishery-independent
sampling program may provide more direct information for
other estuarine life since small fish and shellfish that may be
prey to the carnivorous species are collected.

Development of the Analytical Method

optimization methods. The basic problem in estab­
lishing freshwater inflow needs is to determine the mini­
mum' quantiry of freshwater and the timing of inflows
necessary t~ provide the proper conditions in an estu~ry to
maintain p;oductivity. 'Minimum inflows are of interest

because the use ~ffreshwater by agriculture, ITlunicipalities,
and industries can potentially reduce' the qu~ntity that
reaches the' estuaiy. Management science, ';ibianch of

, , ' co"" ,{ ,...., ,

applied mathematics, has developed analyi!c~IJ:letl1ods to'
solve problems such as this. The analytical mcrfl()clSusiIally
involve calculating the best solution to a'complicated eq~a~

tion-the objective function-in~olving a nu~ber~finde':

pendent variables and a dependent' ~ariable sucha:s inflow'
volume. The objective function may not provide ~ cause­
and-effect explanation of the relationship between the de­
pendent and independent variables, but it does repr~ent the
measu're ofeffectiveness between the depe~dentvari~bl~ ~rid
the independent variables. . ,

There may be other' information available ab~!l~ t~~ ,
variables that has a bearing on the problem. For exaniple~'

values ofsome of the independent variables may be al!ciw~d·'.

to fluctuate only within certain ranges. These restrictions ~r ,"
limits are called constraints, and they confine the range of
values of the objective function's dependent variable.

Acollection ofcomputational techniques called math­
ematical programming was developed to solve these types of '
problems. While there are a variety of techniques available,
each designed to solve specific kinds of problems, they all
share the same basic purpose: to provide an optimum'
solution of the objective function that satisfies all the con­
st~aints and gives the best possible value (minimum' or
maximum) for the dependent variable.

Specific requirements for the freshwater injUJwprob~ .
/em. Determining the freshwater inflow needs ofestuaries is :
an optimization problem that can use the techniques 'of "
mathematical programming to calculate solutions. Objec­
tive functions can use inflow or harvest (~r another me~ure
ofproductivity) as dependent variables. The constraints ~an' ':
include equations relatingsalinity to inflow, salinityviabiliry"
limits oforganisms, historical inflow patterns and limits, and
minimum loadings ofnutrients and sediment. The problel1} "
is complicated because the physiological limits oforganisms .
for salinity change as they develop through their life stages, '
and life-stage development is related to the season of the
year. The equations relating harvest or productivity of
particular species have terms in them that depend on inflows'
in particular seasons of the year. The species differ with'
regard to which seasons are important, the magnitude ofthe
importance, and whether the effect of seasonal inflow is
positive' or negative. Consequently, species within a single '
bay,system may have conflicting inflow requirements'.

Several advances in mathematiCal programming te~h­
niques have been made in the past decade, the most impor­
tant of which are: the use of nonlinear relationships; the
addition of stochastic elements to the analysis; and the
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'ability to consider multiple objective functions. Linear,
programming, a form of mathematical programming, re­
quires that the relationship between the dependent and
independent variables must be linear. Linear progra~ming
was used in some ofthe previous studies on freshwater inflow
needs for Texas bays (TDWR 1980a, 1980b; 1981~, 1981d,
1981 e). The last study of that series, involving the inflow
needs for the Laguna Madre (TDWR 1983), used ~ nonlin­
ear optimization pc<?cedure that had not been available (or,
the earlier studies. Since many of the relationships nc;eded
for this analytical method are ,nonlinear and cannot be
transformed into linear relations, th~ general ability to use
nonlinear'relationships is a significant improvement.

In the previous inflow studies, the optimization meth­
ods used regression equations involving inflow and harvest
or inflow and salinity as deterministic constraints with no
consideration of the underlying variance or uncertainty, of
the regression expressions. Methods have been developed to
incorporate stochastic aspects of regression expressions into
mathematicalp~ogrammingmodels. Thus, the.variance of
the jnflow-salinity and inflow-abundance regression rela­
tionships ca~ be included in the analysis. This allows natural
resource managers to specify that the analysis must pp:lVide

, solutions that satisfy salinity bounds or abundance targets at
a gi~en probability level. The addition ofstatistically based
constraints will allow manage~s to estimate the effects that
increasing th~ certainty ofsatisfying th~ salinity bounds will
have on al:>undance of the target ,species.

Recent improvements in mathematical programI11ing
techniques allow multiple objectiy~mod~ls to be l,lSed. As an
example, multiple objectives could be used to.rn:injmize the
annual inflow while at the same timemaximizing the annual
harvest. This can become complicated because in some
portions of the range of solutions to the problem, the
objectives canconfljct.

A mathefi?atical programming model incorporating
all these advances did not exist as an off-the-shelf ';amputer
program.. Conseql,lently,one project in this,seriesinvolved
t~e development ofthe analytical software, combining all of
these con~eptsand refinements. In addition to adding these
mathematical.programI?ing mode~ adv~nces, the software
was designed to allow the user to SPecify that, a specific
salinity gradient should exist throughout the estuary: This
allowed the model to account for. salinity conditions that
were different in distinct regions of the estuary"adding an
additional realistic aspect to the analytical' procedure. A
description of the method of formulating objective func­
tions, constraints, and stochastic considerations.is given in
sections 8.1 and 8.2.

.' :". '

Example Analysis,

Site selection. 'With information from the sp~cial
studies and the mathematical, programming model, it was
posSible to formulate ,and' conduct an example 'an;Uysis of
inflo~ nee~ of an. ,estuary. The Guadalupe Estuary was
selected for the test case. Because research st~dies were. - . ' . , .. .

recen~ly conducted in the estuary, a reasonably complete set,
ofdata was available for us~ in the analysis including harvest. '

equations, nutrient and sediment loading information, and
hydrodynamicmodels and sali~ityequations. The Guadalupe
Estu~1J' is not urbanized and w3;ter quality does not appear
to be a complicating factor. The basin is not strongly
affected by upstream diversions or impoundments, but may
be the site offuture resc;rvoir development as several.pote,n­
tial sites have been identified in the)ower half of the basin.
The economy.of the area around the estuary is affected by
sport and commercial fisheries, a~9 in 1987 there was a
period of extreme high inflows that nearly eliminated the
oyster harvest for the next two years (Quast et al. 1989). As ,
a test case, the ,Guadalupe Estuary occasionally,experiences
inflow that is sometimes too great or sometimes too small' to
maintain productivity of some species. Aransas Bay to the
south, which receives Guadalupe River water via the Guada­
lupe Estuary, had a significantincreas'e in oyster landings in
1987 and 1988. '

Other relationships or constraints. Use of die math­
ematical programming model required specification ofcon­
ditions,for analysis, selection of relationships to. use in the
model, and determination ofconstraints for salinity, inpow,
harvest, nutrients, and sediIllent. Salinity, inflow, and
harvest constraints were jointly selected by the staff of the
TP,WD and 1WDB to test the, ~peration ofthe model. The
final constraints, for these variables are discussed in ~ecti0C!s

8.1 and 8.2.,

The nutrient and sediment constraints required sig~

nificantly.more analy~is. .l.t was, first necessary to develop a
concept of how to use nutrient information to set a con~

straint for the programming model. 'Sections 7.3 and 7.4
provide the logic and computations for the establishment of
the nutrient constraint. The form of the equation used by
the mathematical programm!ng model is given in Section
8.2. In the same manne~, a concept was required for the use
of sediment as a constraint. ,The rationale and calculations
for the sediment constraint are presented in Section 7.5, and
the.equation and limit are shown in Section 8.~.

. Definition of ecokJgicaUy sound environment that
satisfies the pII:rpose oftIJ.e law, Criteria that could be used
to ~ompare the output from the model'Yere needed to jl,ldge
whether the salinity, n\ltrienr, and sediment loading regimes
were adequate..Secti~n 7.6 presents the salinity criteria and

19



the nutrient and sediment loading requirements for provid-'
ing an ecologically sound environm,ent.

Specifying objectivesfor modelcomputations imdpre­
sentingresults. Because mathematiCal programming'mo~ds
are optimization techniques, objectives {or management
must be specified by the deci;ion maker to be able tos'dect
an answer for use. In Section 8.2, the results'ofthis analysis
are presented for different prooability levels. The results
ptes~ntedspan the inflow scale from minimum tom~mum
inflows which still satisfy the constraints. Maximum harvest
values and maximum probabilities for achieving saliniry
bounds are also shown. Other policy issues inCluding the
selection of species used for the analysis and the rehitive
weighting ofspecies by value or importance are discussed in
this section. The results of the analysis show the range' of
answers'that are feasible. 'Existing policies or new policy
decisions must be applied to reduce the range ofsolutions so
a decision can be made.

Hydrodynamic and Salinity Model to Check the
Results

Oncethe policy decisions are decided, a 'final se'tof
inflows can be computed that satisfy the objectives and
constraints. The inflow volumes are then used to check the
salinity pattern in the estuary to confirm that the salinity
distribution requirements are being met.

Run model over a year cycle to display/salinitydisiri­
butions. Data for a typical year must be assembled for the
circulation and salinity model runs. This inCludes wind
direction and velocity, tide elevation, and h drology infor~

mation baSed on the computed inflow;v ues from the
mathematical programming model. The ydr~dynamic

model is run to simulate an entire year; this equires several
days ofcontinuous computer simulation. S inity informa­
tion is selected from the model run at mon ly intervals to
produce a salinity contour map of the estu . SeCtion 8.4
discusses the hydrodynamic model and shows the series of

" , I
salinity, contours that result from the computed monthly
inflows. ' \ .

Compare patttrns with ecologicaUy sound environ­
ment requirements. The last step in the process is to'confirm
that the simulated salinity'patterns are consistent with the
requirements for an ecologically sound environment defined
earlier in the analysis. This is a judgement step requiring
experienced persons to observe the isohalines from monthly
plots of salinity and compare those results with the:: salinity
requirements defined in the ecologically sound environment
criteria, If the salinity contours are judged to satisfy 'the
requireme~ts, a feasible solution has been achieved irid can
be used by the decisihn maker; If the salinity distribution

patte~~ does not satisfy the ecol~gically sound environ'm~~t
criterion,' the,'process mustTeturn to the matnematidil
programming model for reasse~smeni:' , ,i '.

'There are many ways thai: this model can be modified
to a'chievethe desired goal; salinity bounds in the different
regions can be changed for pa~ticular mon'ths to force the
model to provide more or l~ss inflo~. Changing probability
levels; species, weighting, and inflow or harvest bounds are
also'possible changes that can be made. The decision ofwhat
to change WIll depend on the situation and the objectives for
management. Changes such as theSe will require in'teraction
between the staff making the an'alysis and the decision
makers to ,be sure that the changes are compatible with the
policy directions. '

3.2 SUMMARY

The analytical approach described here starts with 'a
set of requirements aimed at providing quantitative esti::
mates of inflow. A series ofstudies were defined and carried
out under contracr, by state and federal agencies or universi"
ties, and by the staffs of the TPWD and the TWOB The
studies were designed to broaden' the understanding 'of
estuarine ecosystem functions and provide specific <lata'and
methods for use in an analytical proce::dure for determining
inflow needs. Topics of the studies included: hydrology;
hydrodynamics; coastal geology; estuarine 'water chemistry;
intensive water quality monitoring; nutrient dynamics and
processing; and distribution,' abundance, and productivity
of estuarine organisms, from primary producers through
secondary consume'rs. In addition to the information uSed
by the analytical procedure, the studies provided for specific
tests of the existence of relationships between inflow and
ec'osystem components and'natural processes. Results of
these studies are summarized in later chapters.

With the study information, the mathematical pro­
gramming'model: and the hydrodynamic modeis, the ana­
lytical procedure was applied to the estuary ofihterest: First,
the mathematical programming model was used to calculate
the required inflow volumes. This required specification of
a variety of management objectives and constraints that
must be determin~d by decision makers with authority for
estuarine management; some analyses are required to juStify
and set constraints relating to nutrients and seaiment.' The
mathematical programming mood takes into 'account 'the
desir~d salinity gradient, hist<:>rical inflow patterns, the rela­
tionship between harvest or abundance and'inflow, statisti­
cal, uncertainties of the harVeSt equations and 'the inflow­
salinity equations, harvest or abundance targets: and the
estuary's requirements for potentially limiting nutrients and
for sediment.
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When an inflow pattern was computed that satisfied
the constraints and achieved the management objectives, the
inflow was tested with a detailed hydrodynamic model to be
sure that the month-to-month salinity distribution was
consistent with the requirements needed to define an eco­
logically sound environment. Ifthe salinity distribution was

inconsistent with the ecologically sound environment crite­
ria, modifications were. made to the mathematical program­
ming model constraints or objectives to refine the analysis.
Once the salinity distribution was consistent with the eco­
logically sound environment criteria, the results could be
used in making water allocation decisions~
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CHAPTER 4: COASTAL HYDROLOGY
AND THE RELATIONSHIPS AMONG INFLOW;
SALINI~ NUTRI~NTS, AND SEDIMENTS

I" ',.

" 4.0 INTRODUCTION

Freshw'ater inflow:~tro~gly affects bay salinity, nutri~':
ent loading, and sedi~ent loading in Texas estuaries, al­
though the climatic gradient down the length of the coast is

: the most important natural factor mediating the supply of
fresh water for bays and estuarie~.' Hum~n activities can

,determine both the quality and qu~ntityof the inflows, so
there is concern that this influence could be deleterious.
However, sound resource management practices can bal­
ance human influences and the needs of the ,estuaries.
Selecting levels of salinity, nutrien~, and ~edime~i: loading
that are adequate to maiiltain an ecologically sound environ-

~ ment requires perspecfive about these materials for each'
estuary. The purpose 'of this chapter is to provide back-

, ground information ab.out freshwater inflows, bay'salinity
levels, nutrient loadirig apd distribution, and sediment load­
ing to Texas estuaries.' In general, historical patterns of
distribution and variation will provide the appropriate info"r­
mation for resource management consideration.

Hydrology. Section 4.1 provides a detailed analysis of
coastal hydrology. The section includes a comparison ofthe
components offreshwater inflow among six estuaries over a
47-year period. Salinity characteristics of the bays are also
compared graphically and statistically. This section provides
an analysis of trends offreshwater inflow over 47 years, and
trends of salinity covering a period of about 20 years. The
period of record includes several droughts and years ofhigh
inflow.

Distribution ofnutrients. Section 4.2 shows histori-
, cal information about the spatial distribution ofnutrients in

five Texas estuaries. The data for this analysis come from
two coastal monitoring programs and from special studies of
several estuaries. This section presents maps of nutrient

distributions for high and low inflow regimes. The distribu­
tion, patterns suggest an interpretation ofthe relative impor­
tance of turbidity, heterotrophic production, regeneration,
uptake and recycling, and transport of materials from the
head to the mouth of the estuary.

Nutrient loading. Section 4.3 compares the loading
of nutrients into five T ex;l.S estuaries from several different
viewpoints, relative to the estuaries' capacities and volume
turnover. The se~i:ion examines the relative Importance of
the major sources ofnutrients to the est~ariesand shows the

. degree of control that manipulation of gaged flows has on
nutrien,t loading.

Sediment loading. Section '4.4 examines the third
basic"element for maintaining an ecologically sound envi­
ronment, sediment. The section describes the characteris-, ,
tics ofsediment traqsported by the major river systems that
flow into Texas estuaries. In addition, it contains an analysis
of sediment loading, showing changes through time. This
section includes a description ofhow deltas develop at river
mouths and an assessment ofthe status ofsediment input to
deltas and bays, based on recent'sampling and' analysis.

4.1 PATTERNS OF INFLOW AND SALINITY

Introduction

Freshwater inflows and salinity levels found in six
Texas estuaries are described in this section. The six'estuaries
include, from north to south 'along the Texas coast (Figure
4.1.1), the Sabine-Neches, Trinity-San Jacinto, Lavaca­
Colorado, Guadalupe, Mission-Aransas, and N u~ces estuar­
ies. Only the southernmost Texas estuary, the Laguna
Madre, is not discussed here.
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Figure 4.1.1. Locarion of Texas esruaries.
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Figure 4.1.3. Mean annual precipitation in Texas-1951-1980.
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Freshwater inflow rates to Texas bays and estuaries
. vary widely. Of the six estuaries studied, the Sabine­
Neches Estuary has, on average, the largest freshwater
inflow rates at 1.09 million acre-ft/month, while the Mis­
sion-Aransas Estuary has the smallest at 0.04 million acre­
ft/month (Figure 4.1.2, based on 1941-1987 averages).
Median inflow rates for the same period were 0.69 m,illion
acre-ft/month for the Sabine-Neches Estuary and only
0.004 million acre-ft/month for the Mission-Aransas Estu­
ary. In general, freshwater inflo~s to Texas estuaries follow
precipitation patterns' across the state. Both tend to

decrease along the coast from north to south.. Annual
precipitation decreases from more than 50 inches along the

nonheast' Texas coast to less than 30 inches in West Texas
and in the Lower Rio Grand Valley (Figure 4. 1.3). Only the
Mission-Aransas Estuary differs from the trend. Inflows to
the Mission-Aransas Estuary are the smallest of all Texas
estuaries primarily because it has the smallest contributing
basin (2,480 mi2, Figure 4.104). Monthly inflow statistics
including the mean monthly inflow, standard deviation, and
monthly inflows for exceedance probabilities (probabiliry of
the given monthly inflow being exceeded) of 10%, 25%,
50%,75%, and 90% are provided in Table 4.1.1 for each
estuary.

'Table 4.1.1. Freshwater inflow statistics. All flows in thousand ac~e-ft/month. ,

" Exc~eda~ceprobability a

Estuaty Mean St. D. 90% ; 75% 50% 25% 10%

Sabine-Necb:es 1,090 1.070 151 334 694 1.540 2.520
Trinity-San Jacinto 879 887 121 234 530 1,273 2,119
Lavaca-Colorado 257 302 38.5 67.3 146 319 689
Guadalupe 195 225 37.4 70.1 119 241 424
Mission-Aransas 35.8 96.4 0.354 1.38 4.49 23.9 93.6

Nueces 52.8 133 2.36 3.89 8.22 40 143

a Probability that stated flow will be equaled or exceeded.
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Mean salinities found in Texas estua~ies are also quite
diverse, but can be related roughly to the ratio offreshwater
inflow to estuary volume. Estuaries with the largest inflow­
volume ratios tend to have lower mean salinities than those
with smaller inflow-volume ratios. The Sabine-Neches
Estuary, with an annual inflow-estuary volume ratio of
roughly 53 (Figure 4.1. 5), generally has the lowest mean
saliniryofall Texas estuaries, varying from 5 to 10%0 (Figure
4.1.6). By contrast, the Nueces Estuary has a lower annual
inflow-estuary volume ratio ofonly 0.7, and higher saliniry
in the range of 21 to 300/00. Mean and median salinities
found in Texas estuaries are provided in Table 4.1.2. The
actual salinity found in an estuary on any given day depends
on the amount of freshwater flowing into the estuary, the
rates ofevaporation from and precipitatio'n onto the estuar­
ies, quantity ofsaline GulfofMexico water flowing into the
estuary due to tidal influence, meteorological effects such as
wind speed and direction, and estuary volume.

Freshwater Inflow Patterns to Texas Bays and Estuar­
ies

Sources ofhydrology data. Freshwater inflow data
presented in this section were compiled by 1WDB staff as
part ofa major study on the effects offreshwater inflows on
Texas bays and estuaries. The period covered in this study
extends from 1941 through 1987. Hydrological data forthe
period 1941 to 1976 were prepared in previous bay and
estuary studies by 1WDB staff (TDWR 1980a, 1980b,
1981a, 1981 b, 1981c). The hydrological database, consist­
ing of gaged river flows, modeled flows, diversions, and
return flows, was extended in the current study to intlude
the period from January 1977 through December 1987.

Freshwater inflow as used in this study is defined as
combined inflows which drain into the estuary. These
inflows consist ofgaged river inflows, computed runofffrom
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Neches estuaries.

drainage areas lacking river gages at their outlets, flows
diverted from ungaged areas (e.g., for municipal, industrial,
or agricultural use), and flows returned into ungaged areas as
surplus wastewaters from upstream 4Sers. Daily, gaged
streamflow discharge data were obtained fr9m the United
States Geological Survey (USGS) surface water data-collec­
tion, network in Texas. Daily runoff for ungaged areas was
computed with a model developed by TWOB staffwhich is
based on Soil Conservation Service (1972) techniques. The
model, was calibrated with USGS streamflow data and
National ,Weather Service (NWS) precipit,ation data.
Monthly diversion and return flow data were obtained from
the,TNRCC. Daily gaged srreamflows and modeled flows
were aggregated into monthly flows and combined with the
monthly diversion and return ,flow data to provide a single
monthly freshwater'inflow:

infl«;>w,= gaged + modeled - diverted + ,returned.

The final data set consisted ofmonthly data (rom
January 1941 through December 1987 for each of the six
major estuaries studied in this report. The following analy­
sesare based qn the compiled data set.
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Monthly inflows. Historically in Texas, the largest
monthly inflows have occurred in the Sabine-Neches Estu­
ary, where the largest single monthly inflowwas 8.09 million
acr~-ft, while the, smallest monthly inflows occur in the
Mission-Aransas Estuary, wherethe'largest single monthly
inflow was 1.34 million acre-ft (Figure 4.1.7). Inspection of
the inflow hydrographs reveals ma9Y peaks, s9me ofwhich
are attributable to hurricanes' and tropical ~t<:>rms. . For
example, 2.ofthe largest 3 and 6 of the: largest 20 inflowstq
each the Mission-Aransas. and the Nueces estuaries, resp~c~

tively, are associated with hurricanes. Eight ofthe largest +0
monthly inflo\\:'s to the Lavaca-Colprado Estuary are ~qci­
ated with hurricanes and tropical storms. ,By contrast, only
1 of the 20,largest monthly inflows"to the Sabine-N~ches

Estuaryancl the Guadalupe Estuary an4 only4 of~O ,il} the
Trinity-SanJacinto Estuary are associated~it4 hur~icane~ or
tropical storms. Many of the other peaks, in the inflow
hydrographs are associated with frontalp~sages fror.n,the
north which trigger showers in t,hecspring and ,autumn. ' In
an anomalous event, the)argestsingle: monthly inflows to
both, the .Guad~up~; and, ,Lava<:a-Coloradp ,t:stuaries ·oc­
c~rred in June .1987, due,to heavy pr~<;ipita!ion following an
exten~ed wet period during which the soil was saturat~d.



Table 4.1.2. Salinity summaries for Texas estua~ies. Mean, standard deviation, skewness,
and median salinities; and number of data points for 22 estuaty sub-areas during the
period 1968 to 1987.

Estuaty! Mean St. dev. Skewness Median 'n
Location 0/00 0/00 0/00

Sabine-Neches
Upper Sabine Lake 6.30 5.07 0.89 5.60 254
Mid-Sabine Lake 4.95 4.66 0.84 3.65 92
Lower Sabine Lake 9.69 ·8.18 1.14 8.00 153

Trinity-San Jacinto
Trinity Bay 8.95 6.31 0,36 8.61 433
Clear Lake 13.50 5.72 1.16 13.25 211
Mid-Galveston Bay 13.82 7.55 1.09 12.72 526
West Bay 19.92 7.79 1.22 19.26 248
East Bay 14.40 7.31 1.40 13.22 220

Lavaca-Colorado
Lavaca Bay 13.17 7.27 0.11 13.59 563
Eastern Matagorda Bay 18.22 7.38 -0.11 18.76 89
Upper Matagorda Bay 24.51 5.89 0.21' 24.40 119

Guadalupe
Seadrift 5.64 6.48 0.58 3.25 716
Mid-San Antonio Bay 11.94 7.97 0.63 10.40 260
Lower Bay 16.85 , 8.26 -0.26 18.46 243
Mesquite Bay 11.36 6.41 0.52 9.93 493
Espiritu Santo Bay 24.14 7.26 -0.66 25.50 322

Mission-Aransas
Copano Bay 10.94 5.19 0.98 10.97 495
Aransas Bay 16.47 8.11 -0.38 17.35 452

Nueces
Nueces Bay 21.49 9.48 -0.87 23.53 501
Mid-Corpus Christi Bay 29.24 4.91 -1.38 29.99 444
Redfish Bay 26.52 6.36 -0.21 26.44 189
Naval Air Station 27.80 5.57 -0.85 28.60 77

The six estuaries of this study can be grouped into
three pairs according to similarities in inflow volumes and in
seasonal inflow characteristics. The first pair consists of the
two northernmost estuaries, the Sabine-Neches and the
Trinity-San Jacinto estuaries. These two estuaries have the
greatest mean inflows (greater than 800,000 acre-ft/month,
Figure 4.1.2) and have maximum inflows from December
through June (Figure 4.1.8). The second pair, consisting of
the Lavaca-Colorado and Guadalupe estuarieS, have mean
inflows ofroughly200,000 acre-ftlmonth and mean monthly
inflow peaks in late spring and early autumn. Finally, the
southernmost pair, the Mission-Aransas and Nueces estuar­
ies, have mean inflows of less than 60,000 acre-ft/month,
and each have a small inflow peak in the late spring followed
by a iarger peak in early autumn.

Monthly inflow peaks during May in the Sabine­
Neches and Trinity-San Jacinto estuaries (Figure 4.1.8) are
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due to heavy springtime precipitation which occurs in
northeast regions ofTexas. By contrast, the two inflow peaks'
in the Lavaca-Colorado and Guadalupe estuaries indicate
the influences of early autumn .hurricanes, tropical storms,
and.coastal storms, and of springtime precipitation. The
early autumn peak' in the Mission-Aransas and Nueces
estuaries is larger than the springtime peak, reflecting the
diminished influence of springtime precipitation in the
lower coastal bend region, and the significance of •late
summer-early fall storms in the region.

Inflow frequency distribution. Relative frequency
distributions for freshwater inflows (Figure 4.1.9), which
indicate the relative probability offinding inflows in a given
range, and exceedance probability curves, which indicate the
probability that flows ofa given magnitude will be exceeded
(Figure 4.1.10, Table 4.1.1), can also be grouped into pairs
as described above. The modes (frequency distribution



peaks) for the Sabine-Neches and Trinity-San Jacinto estu­
aries, the first pair, lie between 105.5 (316,000) and 106 (l
million) acre-ft/month.. The modes for the Lavaca-Colo-.
rado and Guadalupe estuaries, the second pair, lie between
104.5 (32,000) and 104.75 (56,000) acre-ft/month. Fi"nally,
the modes for the Mission-Aransas and Nueces estuaries lie
between 103 (1000) and 103.75 (5,623) acre-ft/month
(Figure 4.1.9). Based on the smooth shapes and uni­
modality of the relative frequency distributions (Figure
4.1.9), inflows to the Sabine-Neches, Trinity-San Jacinto,
Lavaca-Colorado, and Guadalupe, estuaries are nearly log-

. normal distributed. In contrast, the relative frequency
distribution for the Nueces Estuary is highly skewed, and
that for the Mission-Aransas Estuary is multi-modal, indi­
cating that simple log-normal distributions may not be
adequate for approximating inflows to these estuaries.

10 +:~:--~-:-'---I_-"---L_.o-......L_,--+
Sabine-Neches

5
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Trinity-San Jacinto
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Cumulative inflows. Cumulative inflow hydrographs,
. or mass curves, are ptesented for each estuary in Figure
4.1.11. These curves, constructed by integrating over time
the simple inflow hydrographs shown in Figure 4.1.7, rep­
resent the cumulative amount of water which has flowed
into the estuary, and can reveal changes in inflow rates ~hich
might be overlooked in the simple inflow hydrographs.
Changes in slope of the cumulative inflow hydrographs
indicate either increasing inflow rates (increases in slope), or
decreasing inflow rates (decreases in slope). Decreases in
slope appear during known drought periods in Texas, i.e.,
from roughly 1950 to 1958 and from 1962 to 1966. Al­
though several major reservoirs were built during the 1941
to 1987 period (Table 4.1.3), these hydrographs provide no
clear evidence that the projects have significantly altered
freshwater inflow rates to the estuaries. That is, there are no
evident step changes in the slope of the cumulative inflow
hydrographs immediately following completion ofthe reser­
vOIrs.

. Nueces
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Year

Figure 4.1.7. Monrhly freshwater inflow hydrographs from 1941-1987
for rhe Nueces, Mission-Aransas, Guadalupe, Lavaca-Colorado,
T riniry-San Jacinto, and Sabine-Neches esruaries"

Over the last 20 years of record, 1968 to 1987,
freshwater inflow rates for 5 estuaries-the Sabine-Neches,
Trinity-SanJacinto, Lavaca-Colorado, Guadalupe, and Mis­
sion-Aransas estuaries-appear essentially constant. How­
ever, the freshwater inflow rate for the Nueces Estuary has
decreased, possibly due to disproportionate increases in
water demand by "Corpus Christi or irrigation without
corresponding increases in runoffdue to urbanization. The·
above assessments are qualitative in nature, based on visual
inspection ofthe slope ofthe cumulative inflow hydrographs.
Quantitative support is· provided in the next section with
nonparamerric statistical analysis techniques.

Trendanalysis. Monthly freshwater inflow data used
in this study was examined for long-term trends (i.e., long­
term monotonic increases or decreases in freshwater inflow
rates) with a nonparamerric statistical analysis technique
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Figure 4.1.8. Monthly average inflows from 1941-1987 fot the Nueces, Mission-Aransas, Guadalupe, Lavaca­
Colorado, Trinity-San Jacinto, and Sabine-Neches estuaries.

Figure 4.1.9. Relative fte·quency of monthly freshwater inflows to the Nueces, Mission-Aransas, Guadalupe,
Lavaca-Colorado, Trinity-San Jacinto, and Sabine-Neches estuaries, where relative frequency is the ratio of numb
er ofoccurrences offlow within the given range normalized by the maximum number ofoccurrences found in all

ranges.
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, referred to as the Sen test. The Sen test, proposed by Farrell
(l980) and Sen (I968), and described by Van Belle and
Hughes (1984), is most appropriate for data sets which have
no missing data points, such as the hydrological data set used
in this study..

In the Sen test, monthly inflow data is deseasonalized
by subtracting from each value the overall mean value for its
month. For example, January inflows for each year are
deseasonalized by subtracting the mean of all January in­
flows. Each deseasonalized inflow is next given a rank based
on its magnitude. Next, the slope of the best-fit line passing
through the set ofdata points whose coordinates are given by
their rank and temporal order is computed. The slope is
appropriately normalized so that it has the properties of a
Gaussian distribution curve. The normalized slope is the
Sen sta:ristic, t. Values of the statistic t greater than 1.96 for
an increasiilg trend or less than -1.96 for a decreasing trend
are statistically significant at the 95% confidence level.
Although a strong trend may be indicated by the statistic, the
magnitude ~f the trend may not be significant. For this
reason, the slope ofthe deseasonalized data is also computed
in those cases where strong trends are indicated by the
statistic t. Generally speaking, even ifthe presence ofa trend
is indicated, a slope of less than 1 or 2% per year in the
deseasonalized data is considered insignificant. The cutoff
slope for significance was arbitrarily taken as 1.5% per year.

Ha~e freshwater inflow rates to Texas estuaries in­
creased or decreased significantly from 1941 to 1987? To
answer this question, the Sen test was applied to inflow
records for three periods: 1941 to 1957, 1958 to 1966, and
1968 to 1987. Droughts are known to have occurred at the
end of the periods 1941 to 1957 and 1958 to 1966. Thus,
applying the Sen test for these periods serves as a test of the
methodology. Decreasing trends would be expected for
both of these first two periods. Application of the Sen test
to the last period, 1968 to 1987, tests for significant changes
in inflow during a time when urbanization spread in many
areas throughout Texas.

The results ofthe trend analysis, Table 4.1.4, confirm
that freshwater inflow rates to Texas estuaries decreased (t <

-1.96) from the 1940's to the 1950's, a decrease attributable
to the 1950's drought. Similarly, from the late 1950's to the
mid-1960's, inflow rates decreased in association with the
dry period of the 1960's. However, during the last 20 years
of record, no significant trends are evident in any of the six
estuaries studied.

Despite the appea~anceofdecreased freshwater inflow
rates to the N ueces Estuary during the period 1968 to 1987
in the cumulative inflow hydrograph (Figure 4.1.12), no
trend is indicated by the Sen test at the 95% confidence level.
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Table 4.1.3. Some major reservoirs builr in Texasfrom 1941-1987.

,.

Reservoir Year Completed Estuary

Toledo Bend 1966 Sabine-Neches
Lake Anahuac 1954 Trinity-San Jacinto

Lake Houston 1954 Trinity-San Jacinto

Lake Livingston 1968 Trinity-San Jacinto

Lake Conroe 1973 Trinity-San Jacinto

Lake Travis 1942 Lavaca-Colorado

Lake Texana 1980 Lavaca-Colorado

Canyon Lake 1964 Guadalupe

Lake Calaveras i969 Guadalupe

Coleto Creek 1980 Guadalupe

Lake Corpus Christi 1958 Nueces .'

Choke Canyon 1982 Nueces

However, the deseasonalized slope for the Nueces Estuary
(Table 4.1.4) indicates a large change of-4.33% per year in
inflow for 1968 to 1987. Exainination of the N ueces
cumulative inflow hydrograph indicates large inflows dur­
ing the 1968 t~ 1987 period which may have contributed to
the "noisiness" of the inflow record, possibly affecting the
analysis results. Although the t-statistic is not significant at
the 95% confidence level, it is significant at the 80% level.

It is important to note that the trend analysis was
applied only to records of ten years or longer. Shorter
periods of record occasionally contain anomalies which
visually appear to indicate that trends are present but which
cannot be statistically supported.

If the test is applied to the entire 47~year period, the
Mission-Aransas Estuary shows a significant trend, a 2.1 %
per year increase in inflow. None of the other estuaries has
a significant trend over the 47-year period.

Historical Salinity Levels for Selected Sites in Texas
Bays and Estuaries

Data acquisition. Saliniry data presented in this
section were gathered from five separate sources. These were
the Board's Coastal Data System (TWDB-CDS), the
Commission's Statewide Monitoring System (TNRCC­
SMS), the Texas Department of Health's Shellfish Sanita­
tion Program (TDH-HSS), the Department's Coastal Fish­
eries Branch Catch Monitoring Program (TPWD-CMP),
and the recently established Board Datasonde Network
(TWOB-DN). Data from these sour~es available for the
period 1968 to 1987 were uSed. In general, measurements
made under each of these programs were taken at different



10 -r--.......--....L.:--.......--...L..-.......--...L..----I--..!-----I--.-:.4-
. /' Sabine-Neches

~::--__ /' ~ Trinity-San Jacinto

E-::o:;:: .01 -j-------\----.......;:::::"..~::::-.~--------------~r+
c:
>­:cco .001 -:I-------..;.....-------'--.....;...---..:..--........::::::::::~---~+

~

~
.0)....o

as
c:
.2

.0001 +---_~....,.-----_- .......--..,....--......- .......--...,...--:If_
o 20 40 60 80 100

Excee~ance probability (%)
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Table 4.1.4.. Trend analysis offreshwater inflows to Texas estuaries.

Period and estuary ,t 0/0 change Significant?
per year

1941-1957
Sabine-Neches -4.67 -4.75 Yes
Trinity-San Jacinto -5.46 -6.71 Yes
lavaca-COlorado' -5.59 -5:94 Yes
Guadalupe -5.85 -6.65 Yes
Mission-Aransas -2.65 -9.77 Yes
Nueces -2.91 -5.44 Yes

1958-1966 ,
Sabine-Neches -3.99 -10.65 Yes
Triniry-San Jacinto -2.13 -5.70 Yes
Lavaca-Colorado -3.85 -13.34 Yes
Guadalupe -3.24 -10.97 Yes
Mission~Aransas -2.17 -16.64 Yes
Nueces -2.46 -22.36 Yes

, 1968-1987
Sabine-Neches . 1.48 0.69 No
Trinity-Sari Jacinto 1.41 0.52 No
Lavaca-Colorado -0.98 -.0.63 No
Guadalupe -2.14 -0.74 No
Mission-Aransas -0.06 -1.24 No
Nueces -1.29 " -4.33 No

times and locations. Data collected under the TWOB-CDS,
TNRCC-SMS, and TDH-HSS consisted of instantaneous
(grabsarnple) measurements taken either once per month or
once per quarrer-year. ,TPWD-CMP data-was colle'cted
approximately 10 times per month. TWDB-DN .data
consisted of hou~ly to bi-hourly measurements taken from

,November 1986 through the end ofDecember 1987. Each
data set suffered from missing data doe to program discon­
tinuity, equipment failure, etc. All data were put into a
consistent daily format consisting ofone value ofsalinity for
each day in which a measurement was made.

Each·estuary was divided into several sub-areas, pro­
viding a total of 22 representative sites throughout the six
estuaries (Figure 4.1.13). The estuaries were gener:Jlly
divided into upper, mid-, and lower regions in 'ordet to
establish mean salinity gradients. All measurements taken
from any of the four data sources within a given sub-area
were combined to form a single larger data set: 'Measure­
ments taken on the same day within a sub-area were aver­
aged. For each sub-area, the final data set consisted of a
single salinit}rvalue for each day that any measurements were
made in the sub-area. Mean salinities measured at each site
are presented in Figure 4.1.6.
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Mid Corpus
Christi Bay

Figure 4.1.13. Saliniry measurement sires in rheNueces. Missi0'l-Aransas.Guadalupe. Lavaca-Colorado. T riniry-
San Jacinto. and Sabine-Neches estUaries. . . ..'
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Typical salinity measurements. Daily salinity mea­
surements for lavaCa Bay from 1968 through 1987, shown
in Figure 4.1.14, are typical of the salinity data used here.
Prior to 1986, before the TWDB-DN network was opera­
tional, very few measurements were taken. Following the
implementation of the TWDB-DN network in November
1986, data were taken much more frequently, providing a
higher-density data set.

Sample TWDB-DN data are shown in Figure 4.1.15
for Lava~ B~y'arid Matagorda Bay. Straight line segments
in the plot indicate miSsing data (e.g., June through August,
1987,Matag~rda Bay record). In some instances, equip­
men~ failure or foulingwas suspected. For instance, the steep
drop in salinity between January and February 1987 in the

Matagorda Bay record is unusual. All datasonde data records
were examined for these types of irregularities~ Where
anomalous data appeared, they were removed to prevent
biasing the analysis.

The 'IWDB-DN data are particularly useful because
they are nearly continuous and allow, observations not pos­
sible with the other data sets. One can determine' from this
type of data, for example, the magnitude of day-to-day
variation and the local response to and recovety times
associatedwith major flood evenrs {May 1987, Figure4.1.15).
Increases and decreases in both the Matagorda and Lavaca
bay records follow each other closely. A gradient of roughly
8 to 100/00 is nearly always maintained between these two
bays. {The overall average salinity gradient between
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Table 4.1.5. Trend analysis of salinity measurements in Texas estuaties.

Estuatyl z 0/0 change Significant?
Sub-area per year

Sabine-Neches
Upper Sabine Lake -0.99 -1.9 No
Mid-Sabine Lake 0.99 0.2 No
Lower Sabine Lake -2.36 -3.3 Yes

Trinity-Sari Jacinto
Trinity Bay 0.28 0.0 No
Clear Lake 0.38 0.2 No
Mid-Galveston Bay 0.53 0.0 No
West Bay 2.86 1.8 Yes
East Bay 0.69 -0.8 No

Lavaca-Tres Palacios
Lavaca Bay -0.04 0.8 No
Eastern Matagorda Bay -1.08 -0.4 No
Upper Matagorda Bay 0.48 0.1 No

Guadalupe
Seadtift 1.82 2.7 No
Mid-San Antonio Bay 0.~4 0.8 No.
Lower Bay. 1.97 2.1 Yes
Mesquite Bay -1.43 -0.9 No
Espiritu Santo Bay' 0.43 0.4 No

Mission-Aransas
Copano Bay -0.27 -0.4 No
Aransas Bay 1.03 1.8 No

Nueces
Nueces Bay 2.53 2.1 Yes
Mid-E:orpus Christi Bay 1.69 0.1 No
Redfish Bay 2.96 0.8 No
Naval Air Station 2.64 1.1 No

Matagorda and Lavaca bays using the combined data sets is
11.40/00, Figure 4.1.6) However, in some instances, the
instantaneous gradient can be much smaller and can even
reverse, as during the period March and April 1988: Because
measurements from each ofthe other data sets were taken so
infreql.lendy, observations ofthe type noted above would be
very difficult, ifat all po~ible, without the 1WDB-DN data
set.

Salinity frequency distributions. Salinity frequency
distributions, which indicate the likelihood offinding salin­
ity within given limits, are presented in Figure 4.1.16.
Frequency distributions are presented for the 22 bay sub­
areas. These figures were constructed for each sub-area by
sorting the salinity data into 2%o-width bins. The value for
each bin was then normalized by dividing the count for that
bin by the maximum number found in all bins, so that the
maximum for each disrribution is one. Very distinct salinity
regimes can be seen in these figures. For example, most

measurements at each of the sites in the Nueces Estuary are
more than 20%o,while in the Sabine-Neches Estuary, most
are less than 200/00. Based on these figures, the Nueces
Estuary is clearly. the most saline, and the Sabine-Neches
Estuary the freshest of those studied in this report. The
salinity frequency distributions for some sites are broad,
indicating that salinities found at these sites are equally likely
to fall within a wide range of values. In Lavaca Bay, the
distribution is broad and indicates the nearly equal likeli­
hood offinding salinities from 7 to 21 0/00. At other sites, the
distributions are strongly peaked, indicating that salinity is
most likely to fall in a narrow range. The frequency
distribution peak at 190/00 for mid-Aransas Bay indicates the
strong likelihood offinding salinities near that value in mid­
Aransas Bay.

'Frequency distributions with high, narrow peaks be­
low 20/00, as at Seadrift and at all the Sabine-Neches Estuary
sites, indicate the dominant influence of freshwater inflows
on salinity at those locations. At other locations, salinity
peaks are in the 20 to 300/00 range, as in the N ueces Estuary,
Espiritu Santo Bay, and in eastern Matagorda Bay. At these
sites, evaporation and mixing with Gulf of Mexico water
have a stronger influence on salinity.

Seasonal distribution ofsalinity. Variations in mean
salinity from month-to"month arise from monthly varia­
tions in freshwater inflows, evaporation, precipitation, tidal

.amplitudes, and prevailing wind speed and direction. Be­
cause salinity levels are controlled by different mechanisms
in each estuary, a wide variety of seasonal salinity patterns
exist in Texas estuaries (Figure 4.1.17). For example,
maximum salinity levels in the lower Sabine-Neches Estuary
occur from June through September, while in N ueces Bay in
the N ueces Estuary, maximum salinities occur from Decem­
ber through May. In mid-Sabine Lake, the minimum occurs
in January, while in mid-San Antonio Bay, the minimum is
in June. Within the Nueces Estuary, such variation exists
that minimum salinity levels occur in Nueces Bay, while
maximum levels are occurring at the remaining sites in the
estuary.

In the Sabine-Neches Estuary, salinity in the winter
and spring months (December through May) is lower than
in the summer and fall months (June through November).
This corresponds reasonably well with freshwater inflow
patterns, where inflows are minimum in the summer-fall
months and greatest in winter-spring months. This .~on­

trasts with the Trinity-SanJacinto Estuary, which has inflow
patterns like the Sabine-Neches Estuary. The peak inflow in
May (Figure 4.1.8) in the Trinity-San Jacinto Estuary has
virtually no effect on salinity in the estuary. Despite tremen­
dous seasonal variation in freshwater.inflows to the Trinity­
San Jacinto Estuary, the seasonal salinity variation there is
among the smallest of all the Texas estuaries.
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Average salinity gradient within each estuaty also,
varies throughout the year. In the Sabine-Neches Estuaty"
the maximum mean salinity gradient between the upper '
and lower portions ofthe estuary occurs from May through·
August (roughly 10%0), and the minimum gradient occurs
from September through November (less than 50/00, Figure
4.1.17). The most drastic change in salinity gradient
throughout the year occurs in the Nueces Estuary. The
gradient between Nueces Bay and all other parts of the
estuary from December through May is roughly 50/00.
However, in June, the salinity gradient increases to nearly
150/00 and remains at that level through August.

The Guadalupe Estuary exhibits an unusual charac­
teristic in that the seasonal minimum occurs in June at four
offive sites in the estuary. This minimum can probably be
attributed to the May-June peak in freshwater inflows to the
estuaty.

Trend analysis. A trend analysis was performed on
salinity for each estuary site to determine whether long­
term trends (monotonic increases or decreases) in salinity
have occurred during the period of record. The seasonal
Mann-Kendall test, which is better suited than the Sen test
for treating a time series with missing values, was selected
for the analysis. The seasonal Mann-Kendall test is de­
scribed by Van Belle and Hughes (1984).

Output from the seasonal Mann-Kendall test is simi­
lar to that from the Sen test; it consists of a statistical
parameter, z, which is nor~ally distributed with a zero
mean and unit standard deviation. The null hypothesis,
thatthere is no trend, is satisfied for values ofz near zero. At
the 95% confidence level, the null hypothesis is discounted
ifz is less than -1.96 or greater than 1.96. Increasing trends
are indicated by z > ·1.96, and decreasing trends are indi­
cated by z'< -1.96. As in the Sen test, ifa trel1d is indicated
by the z statistic, one must next determine whether the
magnitude of the trend is significant. The slope of the
deseasonalized time series is again used as the test criterion.
Generally, trend magnitudes of less than 1 to 2% per year
are disregarded as insignificant. The cutofffor significance
was taken as 1.5% per year.

Results of the trend analysis are presented in Table
4.1.5. For those cases where a trend is indicated by the
magnitude of z, the percent change per year, given by the
slope ofthe deseasonalized time series, is provided. Only in
cases where both a trend is indicated by the zstatistic and the
percent change is greater than 1.5% per year is the trend'
designated as significant.

The trend analysis indicates that four estuary sites
have significant trends in salinity. From 1968 through

1987,. mean salinity decreased in the lower region of the
Sabine-Neches Estuary at a rate of3.3% per year, increased
in West Bay in the Trinity-San Jacinto Estuary by 1.8% per
year, increased in lo~ermid-San Antonio Bay by 2.1 % per
year, and increased in Nueces Bay in the Nueces Estuary by
2.1% per year. Although increasing trends were also indi­
cated in Redfish Bay (z = 2.96) and Corpus Christi Bay near
Laguna Madre (z = 2.64), the magnitude ofthe increases was
too small to be considered significant. "

The salinity trends discovered by the analysis are not
easy to explain. The decreasing $alinity trend in the lower
Sabine-Neches Estuary cannot be attributed to significant
increases in freshwater inflows to the entire estuary, as
indicated by the trend analysis on freshwater inflows (Table.
4.1.4). Perhaps increases in freshwater inflow from localized
areas in the watershed, not large enough to affect the inflow,
to the entire estuary, have affected salinity only within local'
regions ofthe estuary.' Similarly, while no trends were found
in freshwater inflows to the entire Trinity-Saldacinto Esttr­
ary (Table 4.1.4), freshwater inflows may have decrease~.in

the local basin contributing to West Bay, causing local
incre~es in salinity. Although the Sen test indicated a
decreasing trend in inflows to the Guadalupe Estuary, the'
magnitude of the decrease was. too small to be consider~d

significant. This again leads to the possibility that localiz~d
changes in inflows may have induced the salinity trend at the,
lower mid-San Antonio Bay site. For Nueces Bay, there are
indications in the cumulative inflow hydrograph that in­
flows decreased over the 1968 to 1987 period, although this
is not supported at the 95% confidence level by the Sen test
described earlier. Nonetheless, a decreasing trend in fresh­
water inflows was found at the 80% confidence level, indi­
cating that decreasing freshwater inflows should not' be
discounted entirely as an explanation for the rising salinity
trend in Nueces Bay. Besides local changes in freshwater
inflow rates, long-term trends in salinity might also be:
caused by other factors which influence mixing of 'fresh,
water with saline,GulfofMexico water within the bay, such
as the opening or closing of passes to the Gulf.·

4.2 DISTRIBUTION OF NUTRIENTS IN TEXAS
ESTUARIES

Introduction

Texas ,estuaries have complicated morphometries.
Most Texas estuaries have several sources of inflow, with
bays of various sizes. Some have deep chantlels,adjacent to
broad shallow expanses;' There is broad circulation in some
bays while others 'are isolated from pathways-of water ex-.
change. This physicalcomplexity,produces spatially varied
chemical and biological,patterns within each estuary. The
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Figure 4.2.1. Average disrributi~ns 'of dissolved inorganic nirrogen concentrations (mg/I) in rhe Nueces,
Mission-Aransas, and Guadalupe esruaries during periods of high and low inflows.
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Figure 4.2.2. Average distributions ofdissolved inorganic nitrogen·concentrations (mg/l) in the Lavaca-Colorado

~nd Trinity-San J~cinto e'stuaries .d,;r~ng pe~iods.of high and 10;" i~flows.
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Figure 4:2.3. Average distributions of total phosphor~';'" concentrations (mg/l) in the Nue~es, Mission-Aransas,
and Guadalupe estuaries during periods of high and low inflows.
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Figure 4.2.4. Average disrriburions of rotal phosphorous concentrations (mgll) in the Lavaca-Colorado and
Trinity-San Jacinto estuaries during periods of high and low inflows.
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In figures 4.2.1 and 4.2.2, the general distribution of
dissolved inorganic nitrogen is illustrated for the five central
estuaries ofthe Texas Coast-the N ueces Estuary, Mission­
Aransas Estuary, Guadalupe Estuary, Lavaca-Colorado Es­
tuary, and Trinity-San Jacinto Estuary. Enlightening con­
trasts becween estuaries can be made by comparing areas
within each estuary at concentrations greater than 0.1,
becween 0.1 and 0.05, and less than 0.05 mgt!. In both
inflow regimes, the Lavaca-Colorado Estuary has the great­
est area ofwater with low DIN concentrations « 0.05 mgt
I). The main body of that estuary does not experience a
marked change in nitrogen concentrations with changes in
inflow. The upper reaches of all the estuaries maintain a
nitrogen-rich zone even in dry months; during wet months,
nitrogen ~oncentrationsincrease in the heads ofthe estuaries
by a factor ofcwo or more. High inflows increase DIN in the
upper Guadalupe Estuary by a factor of ten. The lagoonal
arms of the lower coast estuaries have zones of/ow nitrogen
concentrations even during months of high inflows. Since
the water in these pottions ofthe estuaries tends to be clearer,
the phytoplankton ofthe lagoonal arms are best able to make
use of available nitrogen, so the zones of/ow nitrogen may
actually be zones ofhigh nitrogen use and efficient recycling.
During high inflow months, oucwelling of high nitrogen
water (> 0.1 mg/l DIN) to the Gulf of Mexico is character­
istic of the Nuec':esand Trinity-San Jacinto estuaries.

into a parameter referred to as dissolved inorganic nitrogen
(DIN). DIN 'represents the nitrogen most available to meet
nitrogen requirements of phytoplankton production.. Am­
monia may come from benthic metabolism in th~se~irtib1ts,
remineralization in the water column, or from.tn~'ni'Clp;Uor
industrial discharges. Nitrogen in river water is primarily
nitrate. A concentration of DIN greater than 0.028 mg/l
generally suppotts maximal growth rates among many phy­
toplankron species, assuming other conditions are favorable
(O'Connor 1981; Whitledge 1989).

Long-term Average Nutrient Distributions

spatial patterns of dissolved and patticulate nutrients help
determine which parts are productive and what plant and
animal communit~es will be favored in those areas. The
pattern of nutrients in the waters also shows the interactive
influence of (1) inputs from various sources--including
municipal and other wastes, (2) physical transport ofwater
masses, and (3) effects of biotic metabolism-including
nutrient uptake by plants.

Totalphosphorus. Phosphorus comes into the estuary
mainly through freshwater inflows and municipal discharges.
Exchange becween phosRhorus dissolved in the water and
bound to sediment panicles also influences the availability of
this major nutrient. Concentrations of total phosphorus
(TP) within the estuaries at high and low inflows are shown
in figures 4.2.3 and 4.2.4. The Lavaca-Colorado estuary
shows low concentrations in Matagorda Bay, which remain
or expand during months of high inflow. High inflow
produces expanded areas ofphosphorus-rich'water in upper
San Antonio Bay and in Galveston Bay, but the change is nor
dramatic. Historic distributions of TP do not show areas of
significal1t depletion in any ofthe estuaries. The Guadalupe
and Trinity-San 'Jacinto estuaries are richer in TP than the

Dissolved inorganic nitrogen. The concentrations of . '. others, but concentrations ofphosphorus in all these estuar­
ammonia, nitrite, and nitrate nitrogen are. often summed iC7.s are, typically at levels greater than 0.005 mg/l, which

Maps of nutrient distributions are presented for cwo
categories of freshwater inflow, high and low. Nutrient
concentration data were soned into ~o categories based on
the freshwater inflow volume to the respective estuary dur­
ing each month that samples were collected. The median
monthly inflow volumes ftom Table 4.1.1 were used as
threshold levels for each estuary. For both-inflow categories,
average concentrations were calculated for each sampling
station, combining data over the years a~d seasons. Stations
sampled infrequently (less th~n 10 times over the period of
record) were not included in the mapping.

Map d4ta. Data were compiled from the Statewide
Monitoring Necwork of the TNRCC, the Coastal Data
System of the TWDB, and from studies funded by the
TWDB to investigate specific estuaries. For many of the
stations, data are available beginning in 1967 or 1968.
Although these data collection programs represent respect­
able effotts to monitor conditions in all the major bays, the
stations are spread rather thinly for the purposes ofmapping
distributions of dissolved substances. Therefore, the maps
presented here offer only approximate boundaries at a coarse
scale of resolution.

In this section, maps of historical data from many
sampling stations within the bays are presented to illustrate

. general patterns of nutrient distribution. The map data are
categorized with respect to the inflow regime that prevailed
at the time ofsampling to show how inflow rates determine
nutrient patterns. Investigations were carried out to gain
more detailed data on the nutrient distributions within
several bays and to explain the distributions in terms of the
physical and biological processes at work in the systems.
Results from these studies demonstrate aspects of nutrient
distributions impottant to all our estuaries.. The discussion
shows how, in concept, the spatial organization of physical
and biological components of the estuary is related to the
patterns ofnutrient distributions. This organization is influ­
enced by the freshwater inflow an estuary receives in propor­
tion to its size.

45



HIGH-INFLOW CONDITIONS LOW-INFLOW CONDITIONS

! ' NUECES ESTUARY

ARANSAS RIVER
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Fi'gure 4.2.5. -Average distributions of total organic carbon concenrr~tions (mgll) in the Nueces. Mission-A'ransas,
and Guadalupe estuaries during periods of high and low inflows.
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HIGH-INFLOW CONDITIONS

LAVACA-COLORADO ESTUARY

TRINITY-SAN JACINTO ESTUARY
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Figure 4.2.6. Average disrriburions of total organic carbon concentrations (mg/I) in the Lavaca-Colorado and
Trinity-San Jacinto estuaries during periods of high and low inflows.
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Figure 4.2.7. Isoplerhs of nitrate concentrations (I-lmole/l) in San Antonio
Bay during high-inflow period of 1987. High concentrations along the
western shore show the freshwater plume. Note decline of concentrations
from upper to lower bay.

Figure 4.2.8. Vertical stratification of ammonia concentrations (I-lmolell)
in San Antonio Bay.

would support rapid phytoplankton growth (O'Connor
1981).

The main mechanism controlling phosphorus con­
centrations may be geochemical. Phosphorus can adsorb to
clay particles and to large organic molecules and become
bound into particulates which settle or are U salted our" in the
upper reaches ofan estuary. This process is reversible al1;d its
dependence on the ambient phosphorus concentration is
.such that'the bottom sediments ofan estuary may buffer the

water column phosphorus concentration. This mechanis~
and the additional involvement ofsediment microorganisms
in the exchange ofphosphorus between sediment and water
column have been studied by Pomeroy et al. (1965). Sus­
pension of bay-bottom sediments increases the rate of ex­
change of phosphorus between particulate and dissolved
phases (Pomeroy et al. 1965; Montagna et al. 1989). .

Total organic ca~bon. Dissolved and particulate or­
ganic carbon in the estuary derive from organic materials
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Figure 4,2.9. Conceprual wnarion in an esruary wirh respecr ro nurrienr processing.

carried in by river flows, from primary productivity, and
from partial metabolic breakdown of organic materials re- '
cycled within the estuary. Section 5.6 summarizes some
studies that have sought to determihe the relative impor­
tance ofthese possible sources ofcarbon to the estuarine food
chain. The distributions of total organic carbon (TOe) in
figures 4.2.5 and 4.2.6 support expectations of higher con­
centrations near the river mouths. There are also areas of
high TOC concentrations adjacent to some barrier island
wetlands. Within most of the other estuaries, high flows
deliver large concentrations of organic carbon down-esru.·
ary. However, the distribution ofTOC withinthe Trinity­
San Jacinto Estuary apparently does not depend to a great
extent on the monthly inflow volume. In addition, the
distribution of TOC in Corpus Christi Bay suggests phy­
toplankton production responding to inorganic nutrients,

rather than a plume ofcarbon from the Nueces River. This
is consistent with findings of the studies of this estuary
discussed below. .

Nutrient Distributions-Detailed Studies

Of the major studies which have been completed on
the estuaries of the middle coast, several were designed to
chart the distribution ofchemical and bio~ogicalparameters
in the estuary, and to determine the influence of freshwater
inflow on these distributions. Many of the results of these
studies can be extended to help explain patterns of nutrient
concentrations and estuarine productivity in other eStuaries.

Spatia) variation. The nutrients brought. into an
estuary by flood flows of a major river do not appear
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uniformly distributed throughout the receiving bay. In San
Antonio Bay, detailed water quality surveys during the high
flows of1987 revealed that the fresh water traversing the bay
could be seen clearly as a plume of nutrient-rich water,
apparently steered by oyster reefs, dredge cuts, and Coriolis
forces, flowing predominantly along the western shore (Fig­
ure 4.2.7, from Figure 6 in Whitledge 1989). Within the
freshwater plume, biological and geochemical processes
rapidly removed nitrogen as the waters moved down the
estuary. Nutrient-laden material accumulated in sediment
deposits along the track of the plume. In the months

,follOWing the flood, this deposition could be seen as a zone
of ammonia-rich and oxygen-depleted water, indicating
areas where high tates ofdecomposition ofdeposited mate­
rial were occurring (figures 12 and 13 in Whitledge 1989).

The influence of the Nueces River on the short-term
pattern of nutrient concentrations in the Nueces Estuary is

,largely confined to N ueces Bay (figures 5, 8C, 40, and 43 in
Whitledge 1989). Influence of the delivery of nutrients on
the lower bay is indirect, through the production and
transport of organisms to the lower bay, or by' transport of
nutrients regenerated from N ueces Baysediments. Support­
ing this idea ofindireet effect is data that indicates the main
nitrogen source for phytoplankton productivity in Corpus
Christi Bay is ammonia rather than nitrate (Whitledge
1989). Ammonia results from recycling of fixed nitrogen,
whereas nitrate is indicative of direct river nitrogen supply
(McCarthy 1981). Corpus Christi Harbor was often a larger
source of nitrogen to Corpus Christi Bay than was the
outflow'from N ueces Bay (Whitledge 1989, figures 5, 5C, 8,
8C, 40, and 43). Inflow from Oso Bay also influenced
nitrogen distribution in a portion of Corpus Christi Bay.

, Although deep ship channels are thought to exert
some control over the water circulation in some bays, the
disrributions ofdissolved constituents in Corpus Christi Bay
do not indicate a consistent influence ofcirculation along or
moving out from the ship channel. Consequently, the
gradients and zones of nutrient concentrations within the
central bay are more likely the result of the benthic and
planktonic metabolism of the waters than circulation-in­
duced patterns (Whitledge 1989).

In the Nueces Estuary, concentrations of nitrogen,
phosphorus, and silicate were usually high enough during
the periods studied to support maximum phytoplankton
productivity. However, minimum levels of all nutrients
were occasionally encountered which would limit produc­
tivity for short periods at some locations.

Studies in the Lavaca-Colorado Estuary over the pe­
riod 1984-1986 Oones et al. 1986) did not focus on deter­
mination of spatial distributions of nutrients, but these

investigations do show general relationships involving water
quality and biological processes in the Lavaca Delta. At

, moderate river flows, significant proce~~!;lg?~f~utrients that
were delivered to the estuary occurred'in the10wer stretches
of the river and associated deltaic baygJs~Occ:isionally,
when a freshwater lens formed over saltier tidal water in the
river channel, the rate of metabolism was high enough to
deplete dissolved oxygen in the bottom water Oones et al.
1986). Whitledge (I 989) suggested that a similar high rate
ofnutrient incorporation was occurring in the Nueces River
delta region. In both cases, the rate ofbiological processing
ofnutrients in the river water appears to be more rapid than
the rate ofnutrient renewal from river transport. The result
is transformation ofdissolved nutrients to organism biomass
within the lowest reaches of the river and within the river
delta. Therefore, in these two systems, the concentrations of
dissolved nutrients in the tidal portion ofthe river at the head
of the estuary may not fully represent the river's. delivery of
nutrients to the system (delta plus estuary).

Temporal ana vertical variation. Detailed descrip­
tions of the variability ofbay water nutrient concentrations
over the diel cycle are presented in Whitledge (I989).
Within a water mass, the uptake and regeneration activities
of planktonic organisms change th~ concentrati~ns of dis­
solved materials during the daily cycle as the activities ofthe
organisms respond to changes in light and temperature. In
Corpus Christi Bay, temporal variability was small due to the
lack ofstrong surface salinity gradients. Changes in nutrient
concentrations due to wind mixing were more important to
short-term variation than biologically mediated effects.

Nutrient and salinity concentrations may also vary
with depth, even in shallow Texas bays which are often well
mixed by wind-induced turbulence. However, vertical
stratification can occur in navigation channels, deeper passes,
and bayous where salinity increases with depth. In these
channels, tidal waters with higher salinity, lower dissolved
oxygen, and moderate nutrient concentrations may flow
under fresher waters with higher dissolved oxygen and lower
concentrations ofnutrients. Detailed surveys of the Nueces
and Guadalupe estuaries occasionally revealed a shallow
layer of water along the bay bottom in central bay areas,
which was more saline than the overlying water. This lower
layer of water can develop nutrient concentrations very
different from the concentrations in surface layers, due to
sediment biochemical processes. Thedifference in salinity
may impede exchange between layers. Figure 4.2.8 (from
Whitledge 1989, figures 11, 12) illustrates the differences
between surface and bottom concentrations ofa~m~nia in
SanAntonio Bay. In Corpus Christi Bay, LagunaMadre:was
identified as the likely source of more saline and therefore
denser water flowing along the bay bottom. In San Antonio
Bay, Whitledge (1989) suspected'thai: denser water from the
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Lagoonalitrms. Major inflow events modifY condi­
tions in most parts of the typical estuary, but some of the
lagoonal arms remain isolated fro~ the mainstream of this
flow. The lower level of flushing and salinity change does
not remo~e or impair the biological coniinunity to a great
extent in these arms. During periods ofhighest inflow, this
area may still be efficient in processing dissolved nutrients,
so swings in concentrations are uncommon. In addition,
'good light penetration in the lower bay and lagoonal arms
promotes growth of submergent vegetation. These plants
take up nutri~nts thrqugh roots in the sediment, serving to
transport nutrients stored in the sediment to active biomass
within the system.' To a cettain extent, the inflow-related
delivery ofnutrients to the lower bay keeps this area produc­
tive.' In return, the lowetbay serves to restock the upper
zones with estuarine species after the occasional flushing
effects of floods.

Lower bay zone. . The lower bay provides a more
cbnsistent habitat for marine ~ndestu~rine organis~s."Fa~
vorable habitat promotes higher species diversity, more
complete food chains, and more efficient use of resources.
Iricreased efficiency leads to a concomitant decrease in the
concentrations of available nutrients. Fixed materials go
through'longer cycles within biological compartments be~

fore becoming available as dissolved nutrients. Light pen­
etration is typically greatest in the lower hay and lagoonal
arms of the estuary, so there is a greater volume of phy­
toplankton capable of growing (and using nutrients) at a
high rate. Recycling is important in this section of the
estuary. . The uptake of dissolved produCts of nutrient
regeneration is rapid, so the concentrations in the water
remain low. In the lower bay, tidal exchange with the GUlf
provides an additional soutce and sink for nutrients.
Nearshore Gulf waters typically have concentrations of
nutrients similarto or slightly less than lower bay concentra­
tions. Therefore, Gulfexchange serves to moderate variation
in nutrient concentrations in this zone.

Discwsion

estuarine sectionofthe Victoria Barge Canal was flowing ouf
in a thin l<l.yer over the central bay bottom.

. Upperbayzone. Attheheadoftheestuary,geochemi~
cal mechanisms cause nutrient-laden material to deposit on
the sediment surface, lowering the' concentrations in the
influent plume. Deltaic marsh vegetationrnayaugment this
process. In the upper bay, organisms use dissolved nutrients
to fuel the breakdown ofparticulate organics such as bits of
leaves and twigs. Wind provides energy to periodically mix
and redistribute materials, promoting heterotrophic activ­
ity. Regeneration ofdissolved nutrients from the sediments
occurs (Section 5.4), but turbidity suppresses phytoplank­
ton growth and so prevents phytoplankton from taking up
all available nutrients. Therefore, during high-inflow peri­
ods, nutrient~ ~ccumulate in the sedim~nts, or pass through
the zone. During low-inflow periods, regeneration ofnutri­
ents from sediment storage exceeds uptake and nutrients are
passed down to the next zone.

a' planktonic food chain comes regeneration of dissolved
, ilUtrients in the ~atei'column. Oyster reefs, which find

,- ... ,,,' en~ironmental ~on'ditions most suitable in this part of the

In many estuaries of relatively simple shape arid deep estuary, also regenerate nutrients from the particulates they
waters, outflowing fresh water is commonly stratified over consume. An oyster reefmay remove a substantial fraction of
the denser seawater flowing into the estuary. The flow ofthe plankton and particulates which wash over it. Some of this
saltier water up the estuary in response to tidal forces and mate~ialleaves the reef as dissolved waste products.
density differences has been cited as a mechanism effective in
helping the estuary retain nutrients (Pritchard 1967a). Par~

ticulates settling from the overlying water layer are· tra,ns­
ported back into the estuary instead of continuing out::' In
the relatively shallow estuaries of the Texas coast, strat!f1ca-,
tion would be expected to be infrequent. Yet, stratificition
apparently can develop and could act to citculate nutrie~t­
laden bottom waters independently of other citculatory
mechanisms.

Process zones. Conceptually, a Texas estuary can be
divided into major zones ofphysical and biological processes
to explain the observed patterns' of nutrient distributions.
These zones are illustrated diagrammatically in Figure4.2.9,
building on the conceptual organization of Delaware Bay
presented by Sharp et al. (1984), on figures presented in
Blanton et al. (1971), and from ideas in Fisher et al. (1988).

Mid-bay zone. The mid-bay region, with typically
greater volume'and water depths, has less turbid waters. This
allows phytoplankton to use the dissolved nutrients and
reduce nutrient concentrations. Benthic metabolism of Differences andsimilariti~sin Texlls bays. The abo~e
river-borne materials is also important, with processing rates generalization of estuary organization may help classify
as high as rates in the upper bay (Montagna et al. 1989). In Texas bays by dominant,functions: Most of Sabine Lake
the mid-bay, however, more ofthe regenerated nutrients,are may function as an upper estuary. Lower estuary functions
incorporated into planktonic cells. Zooplanktonfinc:l salin- may occur. only in a limited zone of the Trinity-San Jacinto
icY levels in the mid-bay region accommodating, and add an Estuary:' Conversely, 'attirhes of low inflow in theNueces
important link in the food chain. With the devel?p.!U~ntof' "Estuary; the functions and nutrient processing of the upper

..." .. ,
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Table 4.3.1. Mass loading (million gm/yr) of major nutrients into T elIaS estuaries, based
on 1977 to 1987 data from the TNRCC and USGS.

:t",

Estuary

Nueces
Mission-Aransas
Guadalupe
Lavaca-Colorado

Trinity-San Jacinto

Total nitrogen

2,300
1,600
8,900
6,800

44,800

Total
phosphorus

470
340

1,900
1,020

10,000

Total
organic carbon

6,600
10,000
28,100
41,900

212,000

estuary may be compressed into the tidal stretch of the
Nueces River. Each estuarine wne has prevalent geochemi­
cal or biochemical mechanisms to trap nutrients. Thetefore,
estimating the relative importance ofthe conceptual wnes in
an estuary may help explain general features of the nutrient
distributions.

Despite the vast differences between loading input
rates to the estuaries (Section 4.3), it is remarkable that the
range ofaverage nutrient concentrations is similar for all the
bays, excluding isolated lagoons. Concentrations are appar­
ently determined more by the differential rates ofgeochemi­
cal trapping in the upper bays versus the rates ofregeneration
than ~y the total loading per se. That the concentrations are
frequently high with respect to the needs of phytoplankton
production can be attributed to the rapid rates of regenera­
tion at ambierit water temperatures and to the commonly
high turbidities which limit the ability ofphytoplankton to
exploit all available nutrients.

4.3 NUTRIENT LOADING TO TEXAS ESTUARIES

Introduction

One reason that estuaries support high biological
productiviry is the nutrients they receive from rivers and
tributaries draining terrestrial watersheds. Texas estuaries
consist of numerous bays which provide habitats for many
organisms to take, use, and recycle incoming nutrients.
Although there is considerable variation among estuaries in
the timing ofriverine inputs, oceanic influence; mixing, and
anthropogenic influence, the estuaries which receive more
nutrients are more productive in genetal. However, a high
nutrient input rate can cause problems. For some estuaries,
there is concern that increasing inputs of nutrients from
municipal wastes have contributed or will contribute to
problems associated with eutrophication, such as fish kills
from low dissolved oxygen levels.

The major nutrient el~ments that fuel estuarine pro­
duction include ca~bon, nitrogen, phosphorus, and silicon.

Carbon enters the system via allochthonous inputs from
rivers and photosynthetic fixation ofdissolved carbon diox­
ide. Phosphorus and nitrogen input ~mounts are generally
considered most important in determining the productivity
of the majoriry of estuaries (Davis 1973). Silicon is an
important nutrient for diatoms and some chrysophytes of
the estuarine phytoplankton. The average silica (Si02)
concentrations in Texas bays--4 to 10 mg/l-suggest a
plentiful supply of this nutrient. Since silicon concentra­
tions do not seem to control phytoplankton production in
these bays (Whitledge 1989), silicon supply rates to !he
estuaries were not calculated.

In this section, the rates at which nutrients are deliv­
ered to five Texas estuaries (nutrient loading rates) are
described for carbon, nitrogen, and phosphorus. In addi­
tion, the relative importance ofdifferent nutrient sources i~

discussed for each of the bays.

Background

Nutrients brought into an estuary originate from such
sources as the runoff from agricultural fields and. forests,

Table 4.3.2. Mass loading of major nutrients into Texas estuaries per unit
area and volume. Area loading in gm m-2 yr1; volume loading in gm m-3

yr-l.

Estuary Total Total Total
nitrogen phosphorus organic

carbon

Area loading
Nueces 3.75 0.77 11
Mission-Aransas 2.7 0.56 17
Guadalupe 15.9 2.96 50
Lavaca-Colorado 7.45 1.01 41
Trinity-San Jacinto 29.7 6.66 141

Volume loading
Nueces 2.10 0.43 .6.3
Mission-Aransas 1.93 0.40 12.0
Guadalupe 10.8 2.25 34.2
Lavaca-Colorado 3.18 0.48 -19.6
Trinity~San Jacinto 18.6 4.17 88.1
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Table 4.3.3. Nicrogen loading to Tens estuaries in relacion co residence cime.

Escuary Residence cimea Nicrogen Per volume Residence-
(yr) residence- nicrogen load weighced

weighted loadb (gm m-3 yr1) volumecric load
(million gml (gm/m3)
bay volume)

Nueces 0.46 1.060 2.10 0.97
Mission-Aransas 3.02 4.900 '1.93 5.83
Guadalupe 0.19 1.690 10.80 2.09
Lavaca-Colorado 0.21 1,430 3.18 0.66
Triniry-San Jacinto 0.11 4.900 18.60 2.05

" Residence time is the inverse of the flushing rate per year based on tidal exchange as well as freshwater
inflow (Armscrong 1982).

b Niccogen (million gm) inpuc per year times residence time. the amount of nitrogen input associaced wich
each waCer volume which replaces che estuary volume.

'leaching of soils, flows from deep or shallow springs, direct
precipitation, discharged cooling waters from chemical and
electric power plants, industrial process wastes, and munici­
pal wastes. Many of the inputs are modified in transit in
rivers or during flow through marshy river deltas. Much of
the nutrient load reaches the estuary in dissolved form; the
rest arrives already incorporated into organic panicles or
adsorbed onto clay panicles. Since most nutrients-dis­
~oived, paniculate, living, or dead-that enter the estuary
become incorporated into the active system, the dissolved
and paniculate fractions are considered together here as a
total quantity. Therefore, the discussion below emphasizes
total nitrogen, total phosphorus, and total organic carbon.
Inorganic carbon also contributes to aquatic production, but
is closely linked to the interaction of dissolved and atmo­
spheric carbon dioxide. The amount ofcarbon delivered to
the estuary that is already incorporated into organic mate­
rial-as bits of leaves, for example-determines the het­
erotroPlli~metabolism of the estuary.

Data and Assumptions

Monitoring data. The quantity ofmaterial brought
into an estuary is the product of the volumes of infl~ws

from various sources and the concentrations ofmaterials in
those inflows. Inflow volumes are those summarized in
Section 4.1, summing for each estuary the contributions of
many contributing watersheds. N uti-ient concentrations
from the rivers and many streams are measured and ,re­
poned through monitoring programs ofthe TNRCC and
the USGS. Data from these two sources were combined
and montWy average concentrations calculated for con­
tributing rivers and streams with sufficient representation.
For many smaller srreams and watersheds, there is no data
on inflow concentrations. Data from the nearest moni­
tored sqeam were substituted for these missing concentra­
tions. Similarity ofstream size and land drained ~ere also
considered in determining the substitute.

Table 4.3.4. Total nitrogen loading components. Units are million gm/yr.

Estuary

Nueces
Mission-Aransas
Guadalupe
Lavaca-Colorado
T riniry-San Jacinro

Combined Riverb Return Rerurnl Riverl Raind Total Rainl

load" flowsc combined combined loading" total

1.960 760 750 0.43 0.34 340 2.300 0.16
1,240 290 40 0.05 0.24 390 1.600 0.28
8.680 6.940 1.170 0.13 0.80 230 8.900 0.03
6.450 3.280 370 0.07 0.49 370 6.800 0.06

44.300 23.170 6.520 0.16 0.51 490 44.800 om

" Combined load includes gaged, modeled, and rerum flow inputs.
b River, input includes major rivers concributing to the estuary, not all gaged streams.
c Rerum flows included are only those below stream gages or in ungaged watersheds.
d Rain inputs are from precipitation directly on water surface.

• Total = surface + rain inputs.
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RainfalL The concentration of nitrogen in rainwater
is one of the quantities monitored by the National Atmo- '
spheric Deposition Program, which maintains sampling
sites atVictoria, Beeville, and the Attwater National Wildlife
Refuge. Nitrogen inputs from rain were based on Thiessen
network estimates of precipitation volume (the quantity
falling directly on the bay surface) and on the combined
concentrations of nitrate and ammonia nitrogen, 'averaged
over several years from the nearest station.

Return flows. Return flows include volumes from
many different sources with widely variant concentration
profiles. Concentrations reported as part ofwaste discharge
permit compliance often do not cover all species ofdissolved
nutrients that can be taken up by aquatic organisms. Staff
members of the TNRCC have sampled many wastewater
outfalls as part ofspecial studies to determine the capacity of
rivers and streams to process these wastes. For the purposes
ofnutrient loading calculations reported here, the results of
these studies were used to derive average return flow n~trient

concentrations. Concentrations reported for all outfalls
within the first few tiers ofcounties bordering the coast were
combined into average concentrations. A division was made
between' the ~pper,coast and lower coast (including the
,Cuadalupe Estuary drainage in the lower coast) to account
for differing proportions of storm water contributions.

Nutrient Loads

Average loads. Average annual loadings of nitrogen,
phosphorus, and organiC carbon to Texas estuaries are

,summarized in Table 4.3.1. These values show a large range
from one erid of the coast to the other, generally following
the pattern of inflow volumes. The table includes all
terrestrial sources and rainfall contributions, but does not
in~ludean estimate of inputs from tidal exchange with the
Gulf. By incorporating other information about the 'estuar­
ies, it is possible to assess the real significance of these
numbers to the ecosystems involved.

Loading by 'area andby volume. T exascituaries differ
greatly in size, and Table 4.3.2 presents the nutrient loading
data in the 'context of their areas and volumes. ,These
converted loading rates are similar to those, reported by
Armstrong (1982), although the numbers were compiled
from more recent data and were based on independent
assumptions about particular components such as rain and
return flows. Using this per-unit area or volumetric calcu­
lation of riutrient inputs, Texas estuaries can be compared
realisticailyto other major estuaries of the Gulf, Ai:lantic,
and Pacific coasts.' Based on data presented in Nixon and'
Pilson (1983), the Nueces and Mission-Aransas estuarie,s
would be among the least loaded estuaries, while the others
rank among major estuaries which receive nutrient inputs

from large ,metropolitan areas. Comparison of estuary
nutrient loading by volume and area also puts the wide gap
between the loading to the MissioncAransas and Trinity-San
Jacinto estuaries into perspective. Though the absolute
loadil}gs for nitrogen range from 1 billion to 40 billion gm/
yr, the per-unit-volume range is 2 to 20 gm m-3 yr- I . Total
phosphorus and carbon also show similar loading differences
between bays. '

, Loading and residence time. The fresh water that
flows into the estuaries mixes with estuarine water and
becomes a flow of mixed estuarine water to the Gulf. As
discussed in Section 4.1, inflows can be represented as
flushing the estuary at a certain rate, or conversely, ofhaving
a residence time. Clearly" the influence of nutrients deliv­
ered to the estuary will depend on the rate at which water in
the estuary is replaced. This is actually not a simple physical
relationship, because there are other physical and biological
mechanisms tharcan trap entering nutrients. However, the
water retention rate can be considered 'when judging tlie
relative magnitude of inputs between estuaries.

Residence times based on freshwater inflo~ volumes
are given in Section 4.1. Armstrong (1982) provideSesti­
mates ofwater residence times for Texas estuaries baSed on
the combined influence of freshwater and tidal flUshing.
These are shown in Table 4.3.3 with the resulting 'yearly
average residence-weighted loading rate for nitrogeri. This
residence loading can be considered the average amount bf
nitrogen associated with each inflowingwate~volumewhich
replaces the bayvolume. Taking residence times ofthe ~~i:er

and nitrogen loads into account, the bays do not appear very
different in the effective nitrogen loads. The long residence
time of the Mission-Aransas Estuary (chiefly Copano Bay)
brings its nutrient richness to a level com'parable to that ~f
the Trinity-San Jacinto Estuary. This is also shown in the
comparable bay nitrogen concentrations in figure~ 4.2.1 and
4.2.2. The last column'in Table 4.3.3 incorporates consid­
eration of the per volume loading with residence time
weighting. Valiela and Costa (1988) compiled similar
volume and residence-weighted loading rates for nitrogen
inputs to 23 estuaries and embayments of the east, west, and
Gulfcoasts. When compared in this manner, Texas estuaries
rank among the most heavily loaded. However, the results
Valiela and Costa cited may not have includ~d tidal and
organic nitrogen sources; thus, the real ranking of Texas
estuaries is uncertain.

Components of Nitrogen Input to Texas Estuaries

Importance of direct precipitation. The input of
nitrogen from direct ,precipitation is similar for all bays
(Table 4.3.4). This is partly a reflection of slightly higher
nitrogen concentrations in rainwater measured at stations



representing the lower estuaries. This also sho,ws the relative
importance of summer showers which occur just inla~d of
the Gulf shore. Rain is an important source of nitrogen to
the estuaries, particularly those of the lower coast. As a
percentage of total nitrogen inputs, rain contributes 1·6%
and 28% to the Nueces and Mission-Ara,nsas estuaries,
respectively.

. Importance of major rivers. The river/combined
column in Table 4.3.4 summarizes the ratio ofthe nitrogen
load brought in by major rivers to the total surface water
loadings. Among Texas estuaries, there is an apparent trend
in the increasing importance of loadings from ungaged
coastal watersheds and associated return flows with de.creas­
ing rainfall on the estuaries' entire drainage basins. There is
a .43% river contribution to the Trinity-San Jacinto Estuary
versus 34 and 24% river contributions to the Nueces and
Mission-Aransas estuaries, respectively. The Guadalupe
Estuary, with 80% loading from its rivers, is somewhat
anomalous, since its principal bay is dominated by the
inflow ofthe Guadalupe and San Antonio rivers and because
'its coastal drainages are relatively small. The relative impor­
tance of river-borne nitrogen to other sources contributing
to the Lavaca-Colorado Estuary is dependent in part on an
estimate of the portion of Colorado River flow which
entered the estuary over the period this data represents. This
proportion will increase wi~h recent modifications to the
Colorado River mouth. Other rivers included in calculating
the proportion of river flow for this estuary were the Lavaca
and Navidad rivers. Nitrogen concentrations for calcula­
tion of the Navidad load were taken from a site below Lake
Texana.

Only the Trinity and San Jacinto rivers were included
in the comparison ofriver nitrogen input to other sources for
the Trinity-San Jacinto Estuary. Other gaged sources to this
estuary represent watersheds equivalent in area to ungaged
watersheds of the lower coast. These gaged and ungaged
coastal drainages are very important in contributing ·nitro­
gen to the Trinity-San Jacinto Estuary. Tributaries draining
rhe metropolitan areas had the highest average nitrogen
concentrations encountered in this coastal watershed sur­
vey, with average total nitrogen ranging from 3 to.'8 mg/l.

Importance ofreturn flows. For this report, return
.flows were tabulated as inflow sources only if they were not
already included as flows measured at some gage; conse­
quently, the return flow ttategory does not account for, the
entire contribution of wastewater to the nutrient metal:>o­
lism of the estuaries. The compilation did not include an
estimate of leaching from septic systems, which could be
important to some secondary bays. However, the category
does represent the influence of metropolitan areas and
industries bordering and adjacent to the estuaries. Estimates
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ofthe relative contributions ofnitrogen to the estuaries fn;>m
wastewaters are summarized as yearly figures in Table 4.3.4.
There are several significant findings, which do not depend
on the specific values assumed to represent wastewater
concentrations. Nueces Estuary receives approxi~ately

40% ofits terrestrial nitrogen from municipal and industrial
sources. Industrial outfalls contribute significantly to the
Gu.adalupe Estuary nitrogen load. Finally, the return flows
to the Trinity-San Jacinto Estuary provide as much or more
nitrogen as the total nitrogen inputs to each of the other
estuaries.

Discussion of Loading Patterns

Comparative analysis of nutrient loading rates draws
attention to the importance of particular nutrient sources
and the need for accurate data about those sources. For
example, understanding the nitrogen dynamics in the Nuec~

Estuary requires good information on contributions frqm
municipal and industrial discharges. Conversely, non-point
source loading to the Mission-Aransas and Lavaca-Colorado
estuaries is an important component of their nitrogen loads.

The proportional balance of nutrients entering the
estuary determines the phytoplankton productivity the estu­
ary can support, and which nutrient exerts most control.
From per-volume loading rates and the atomic weights ofthe
pr.incipal nutrient.elements, the ratio of carbon, 'nitrogen,
and phosphorus inputs can be calculated and compared to a
conceptual ratio considered balanced forphytoplanktor
growth (Redfield etal. 1963).· For Texas estuaries, the long­
term average C:N:P input ratio ranged from 38:11:1 in the
Nueces Estuary to 96: 13:1 in the Lavaca-Colorado Estuary.
The ratio in all these estuaries indicates more than adequate
nitrogen and phosphorus to metabolize input carbop, and
more than enough phosphorus to support the potential
phytopla,nkton growth at incoming nitrogen concentrations
(Webb 1981). Compared with data compiled by Nixon et
<Ii. (1986), the. ratio of phosphorus to nitrogen inputs
calculated for Texas estuaries can be considered typical of
other estuaries that have received study.

Some estuaries in other locations with nutrient inputs
similar to those of the Guadalupe and Trinity-San Jacinto
estuaries have developed symptoms associated with eutrophi­
cation. These symptoms can include zones of low oxygen
concentrations harmful to fisheries. fish kills,. and blooms of
noxious algae. Texas estuaries have not shown these symp­
toms, probably due to the high turbidity of bay waters that
limits productivity ofalgae in the bays most heavily loaded.

... Pomeroy et al. (1972) discussed the contribution of
nitrogen, phosphorus, and carbon loading to the develop­
.ment ofeutrophication in estuaries. They con~ludedthat in



turbid estuaries, increased loadings of nitrogen and phos­
phorus were less likely to. be damaging than equivalent
l~adings in clear estuaries. The loading of organic matter
in·to clear estuaries produces a eutrophication succession in
the biora. In turbid estuaries, this same loading would be
more likely to produce anoxic zones in the bays most heavily
affected. In Texas, the clearer esruaries of the lower coasr
receive a high nitrogen and phosphorus inputwith respect to
inputs ofcarbon. Therefore, typical symptoms ofeutrophi­
cation could appear sooner in these estuaries, although they
receive less total nutrient loading than the more turbid upper
coast estuaries. Current monitoring programs in Texas are
designed to dete<;t nutrient overloading, whether manifested
as problems with low dissolved oxygen or as a trend of
increasing phytoplankton arid dissolved nutrients.

4.4 INFLUENCE OF INFLOW ON SEDIMENT
DEPOSITION IN DELTA AND BAY SYSTEMS

Introduction

Water is the agent primarily responsible for loosening
. and transporting soil and rock particles to the sea. Soil and

rock erosion by water can occur through one ofthe following
processes (Hudson 1971): (1) splash erosion, which occurs
when raindrops break dowit soil aggregates that are then
removed by the flow; (2) sheet erosion, which occurs when
sheets ofwater move over a broad area and remove loose soil
particles; (3) rill erosion, which occurs when water moves in
a more concentrated area, such as in small grooves on the soil
surface, and removes soil particles from the grooves' peril!1­
eter; and (4) gully erosion, which occurs when water moves
over an area with enough energy to cause erosion and create
a channel.

Erosion rares depend on the erosion process, soil type,
topography, land use, and cover type, and can vary by orders
of magnitude. For example, erosion rates in similar soils
measured in a depleted hardwood forest, an abandoned
field, a pasture, and on cultivated land averaged 264 (0.118),
316 (0.141), 3,609 (1.610), and 53,500 kg/halyr (23.87
ton/acre/year), respectively (Schreiber and Duffy 1982).
The quantity ofsediment eventually reaching a watershed's
outlet can be significantly less than that which is eroded due
to particle deposition. In some cases, less than 25% of
eroded·soil reaches the ocean (Vanoni 1975).

Sediment Characteristics

Sediment transported in streams and rivers generally
includes non-living organic and inorganic materials such as
clay and organic colloids, organo-clay complexes, silt, sand,
gravel, twigs, etc. These materials transport nutrients that

are crucial to the survival of estuarine ecosystems. In some
cases, the nutrients are absorbed or adsorbed to the materi­
als; in other cases, the materials themselves are the nutrients
once they are degraded. In addition, the quantity of sedi­
ment transported and the particle size distribution of the
sediment cOlltrol several properties of and processes within
fluvial systems.

Sediment carried in streams and rivers can be charac-
. terized by its organic material content, particle size distribu­
tion, and bywhether the sediment is suspended or part ofthe
bed load. Suspended load consists ofsediment supported by
the upward components of turbulent currents and stays in
suspension for an appreciable length of time, whereas bed
load sediment is primarily confined to the region just above
the bed and moves by jumping, rolling, or sliding (Simons
and Senturk 1976). Bed load is not easily captured because
of the above characteristics, and is therefore not commonly
measured. As a result, bed load is generally estimated simply
by taking a percentage of the suspended sediment load,
where the percentage is a function ofchannel characteristics
(Lane and Borland 1971). Sediment load data presented
later in this section that is based on TWDB and USGS
measurements do not include bed load.

Chemical composition. The total organic content in
suspended sediment is generally estimated by measuring the
fraction ofvolatile solids in a sediment sample or, using more
sophisticated techniques, by detailed chemical analysis for
organic carbon. The ratio of volatile solids to total solids
measured in Texas rivers by TNRCC staffduring the period
1969 to 1989 is presented in Figure 4.4.1. River-to-river
variation and within-river variation in the volatile solid to
total suspended solid ratio ranges roughly from 0.20 to 0.55.
No consistent trends are evident in this data. In some cases,
the volatile solids fraction increases in the downstream
direction toward the coast (Trinity River), while in other
cases, it decreases (Sabine River, Arroyo Colorado). At most
stations, the maximum measured volatile-solid to total sus­
pended solid ratio was 100%, indicating that, at times, most
sites are saturated with organic material.

Particle size distribution. Sediment is classified ac­
cording to its particle size as either clay, silt, sand, or gravel.
Several common schemes are used to characterize particle
size distributions. Geologists most ofrenuse the Wentworth
scheme; engineers generally use the AASHTO scheme; and
agricultural scientists generally us~ a third scheme devised·by
the SCS. The particle size distributions used in these three
schemes are significantly different (Table 4.4.1) in deter­
mining silt and clay content, but, in general, are similar in
determining sand content.
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Figure 4.4.1. Mean and one-standard-deviation error bars for volatile solids measured near mouths ofTexas rivers. Sites
identified by TNRCC Statewide Monitoring Network numbers below.

River

Arroyo Colorado

Nueces River

Aransas River
Mission River
San Antonio River

Guadalupe River

Lavaca River

Colorado River

San Jacinto River
T riniry River

Neches River

Sabine River

Designation
identifier

Arroa
Arro b
Nuea
Nue b
Ara
Miss
SAa
,SAb
SAc
SAd
SAe
Guad a
Guad b
Guadc
Guad d
Guad e
Guad f
Lava
Lav b
Lav c
Cola
Colb
Cole
Cold
San Jac
Tri a
Tri b
Tric
Necha
Nech b
Neche
Sab a
Sab b
Sab c
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TNRCC-SMN

22010100
22020200
21010100
21020100
20040100
20020100
19010050
19010100
19010105
19010130
19010145
18010100
18030025
18030100
18030150
18030200
18030220
16010100
16020100
16020180
14010100
14020035
14020050
14020300
10010100
8010100
8020100
8020180
6010100
6010300
6020100
5010100
5010300
5030100



Table 4.4.1. . Sediment panicle sizes (mm) undet various classification
schemes.

Classification Scheme .

watershed outlet by analyzing water samples for suspended
sediment, or can be estimated indirectly by other means.
Estimates of sediment loading by rivers do not generally
include bed load.

Typ~ Wentwonh AASHTO USDA

Gravel > 2.0 > 2.0 > 2.0
Sand 0.06 - 2.0 0.05 - 2.0 0.04 - 2.0
Silt 0.002 - 0.06 0.002 - 0.05 0.002 - 0.04
Clay < 0.002 < 0.002 < 0.002

Measurement techniqws. Sediment load can be mea­
sured directly by analyzing samples collected at a stream gage
site. The TWDB and the USGS,' both of whose data are
used in this section, operate a network ofcollection sites for
measuring suspended sediment loads in Texas rivers.

1966 18,484,000 19.899,594 1.415,594 7.7
1967 982,600 1,071,952 89,352 9.1
1968 29,618,000 30,799,205 1,181,205 4.0
1969 14,341,000 15.635,604 . 1,294,604 9.0
1970 8,705,000 9,202,515 497,515 5.7
1971 1,044,000 1,172,919 128,919 . 12.3
1972 3,919,000 3,943,243 24.243 0.6
1973 11,800,000 12,140,975 340,975 2.9
1974 11,400,000 10.813,593 -586,407 -5.1
1975 23,055,000 25,146,463 2,091,463 9.1
1976 8,585,000 9.154,709 569,709 6.1
1977 17,211,000 16,023.057 -1.187,943 -6.9
1978 993,900 1,146,300 152,400 15.3
1979 23,243,000 23,045,200 '-197,800 -0.9

Toral 173,381,500 179,195,329 5,813,829 . 3.4

Mean 12,384,393 12,799,666, 415,274 3.4

" Data from Richmond, Texas, on the Brazos River.
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Sediment Loading

The breakdown oftotal suspended load into sand, silt,
and clay fractions, using the AASHTO scheme, is presented
in Figure 4.4.2 for several major rivers in Texas (Welborn
1967). The data indicate a decrease in sand content and a'
corresponding increase in clay content moving from the
Louisiana border to the Mexican border ofTexas. Although
this trend reflects the variation in soil type and characteristics

Difference
(%)

Difference
(ton)

USGS"
(ton)

TWDB"
(ton)

Year

Table 4.4.2. Comparison between TWDB and USGS methodologies for
measuring suspended sediment (Andrews 1989).

In the above stUdies, :dl samples were collected at
equal frequenCy, although the USGS generally collected
samples at irregular intervals while the TWDB collected
samples every day.

The lWDB and the USGS use different devices for
measuring sediment load. The difference between results
obtained with the Texas sampler, the device used by the
lWDB, and the depth integrating sampler, used by the
USGS, were investigated by Welborn (1967) and Andrew
(1989). Over a 14-year study period (1966 to 1979), the
USGS estimated a suspended sediment load 3.4% greater
than the TWDB, with individual year differences ranging
from 6.9% less to 15.3% more than the lWDB's measure~

ments (T~ble 4.4.2). Caution shoiIld be exercised when
making direct comparisons between lWDB and USGS
data because ofsmall differences that can arise strictly due to
differences in the measurement techniques.
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Figure 4.4.2. Fraction ofsand, clay, and silt in suspended load carried by
Texas rivers. Data from Welborn (1967).

across the state, some of the measurements were taken
significantly upstream from the coast. Thus, the particle size
distributions one would find at the coast, affected by particle
deposition in reservoirs and elsewhere throughout transit,
might be somewhat different than those shown in Figure
4.4.2.

Sediment loading in ri~ers can be expressed in terms of
the absolute loading over time (tons or kg ofsediment/yr), in
terms of long-term sediment concentration (tons of sedi­
ment/acre-ft of river discharge), in terms of the sediment
yield factor (tons ofsediment/acre ofdrainage area/yr), or in
terms ofshorter-term sediment discharge relationships (tons/
month of sediment inpU:t versus acre-ft/month of river
discharge). Sediment load can be measured directly at the



Sedimentdischarge ~elationships. Sea'rey~dHardison
(1960) suggesr the use ofa double-m~ cUrVe,'where cumiJ-~~
lative sediment input is plotted against cumulative river"
discharge, to identify the occurrence of changd in the"

.sediment-discharge relationship. Changes in the sediment­
discharge relationship can occur due to man-made influ­
ences such as reservoir construction upstream of the gage
site, or due to natural influences such as a major loss of
topsoil due to extreme erosion. Double-mass curves'for nine
Texas rivers are preseilted in Figure 4.4.3; the slopes of the
double-mass curves between break points, which give long­
term average sediment concentrations, are presented in
Table 4.4.3. ,These figures are base~ on da~a taken by both
the 1WDB and the USGS. Caution should be exercised in
interpreting the USGS data since these data were taken at
irregular intervals. For example, the total cumulative sedi­
ment input (and total cumulative discharge) indicated on
the figures based on USGS data are incorrect since several
months of data are missing. Nonetheless, the slopes of the
double-mass curves provide reasonable estimates fo'r long­
term average sediment concentrations.

Breaks in the slope'-of th<::.4'otiple-mass curves
occur in sev<::ral instances followin'g :th~'~nstruction
ofreservoirs. However, breaks in the slopes which are
not associated witft'rese'rvoir construction also octtir.
For example; the double-~ass curve for the Triniry
River indicates two significant breaks--the first, oc­
curring in 1947 and the second in 1968. No explari'a­
tion is evident for the 1947 break. The second break
appears after construction ofLake Livingston in Octo­
ber 1968, re~ucing., the- sediment inp~t nite from
0.732 tons/acre-ft (0.538 kg/m3) to 0.152 tons/acre­
ft (0.112 kg/m3).

. . ,.

Breaks in the double-mass curve for the Lavaca
River cannot'be explained by reservoir"constructio~, as
no reservoirs have been built on the Lavac; River.
Breaks for the Lavaca, Guadalupe, and San Antonio
rivers appear to be associated with large inflow events
following heavy precipitation; suggesting that large
amounts of sediment are possibly flushed from the
system during floods, leav.ing little behind and eventu-

Table 4.4.3. Slope of double-mas~curves relating suspended sediment input to discharge.•

River Date Average sediment Sediment Sedimentleld Comments
conceotrationa toad bctot(lO ton

(ton/acre-h) (106 ton/year) /acre/year}

Sabine at 1974-1987 0.057 - USGS data <,,-,

Ruliff
-"

Neches at 1960-1987 0.690 USGS d~ta

Evadale

Trinity at 1936-1946 1.076 7.523 0.684
Romayor 1947-1968 0.732 3.081 0.280

1969-1986 0.152 0.800 0.073 Following construction
of Lake Livingston

Colorado at 1977-1987 0.327 USGS dara
Wharton

Lavaca at 1946-1957 1.170 ·0.160 0.305
Edna 1958-1986 0,492 0.147 0.282 Following 1950's drought "

Guadalupe 1946-1957 0.593 0.516 .0.155 . ..
at Victoria 1958-1986 0.359 0.513 0.i54 Following 1950's drought

San Antonio 1945-1957 1.427 0:544 ,0.217
at Goliad 1958-1986 0.728 0.440 0.175 Following 1950's dro~ght

Mission at 1979-1987 0.116 USGS data
Refugio

Nueces at 1961-1971 0.094 0.575 0.054
Mathis 1972-1986 0.034 0.156 0.015

a Average concentrations based on slope (from least-squares best-fit line) of double-mass curve for period indicated.

:'1',.'
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Figure 4.4.3. Double-mass curves--cumulative sediment load versus cumulative river discharge-in Texas rivers.
Slope between break points {average suspended sediment concentration} provided in Table 4.4.4. '
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Figure 4.4.3. Continued from previous page.

ally reducing the sediment-discharge slope. There is no
explanation for the break in the double mass curve for the
Nueces River in 1972.

The long-term average sediment concentrations,
given by the slope ofthe double-mass curve, decrease for all
TWDB stations. The largest decline occurred in the
Trinity River where concentrations fell from 1.076 tons/
acre-fr (0.791 kg/m3, 1936-1946) to only 0.152 tons/acre­
fr (0.112 kg/m3, 1969-1986) (Table 4.4.4). The highest
average sediment concentrations currently occur in the San
Antonio River (0.728 tons/acre-fr, 0.535 kg/m3), while
the lowest are in the Nueces River (0.034 t~ns/acre-fr,

0.025 kg/m3), a diff~rence by more than a faeror of20. It
should be noted that Nueces River sediment concentra­
tions are extremely low due to measurements being made
just downstream ofLake Corpus Christi, where significant
panicle deposition takes place.

Absolute sediment load in terms of tons ofsediment
per year have also generally declined. (Data are presented

'.' /,:",,-,, ,f:','~. t"

forTWDB stations o~ly.)· Inthe Trinity River, the absolute
sediment load decreased from 752 million tons/year (6,820
million kg/year, 1936-1946) to only 0.80 million tons/year
(7.26 million kg/year, 1969-1986) (Table 4.4.4). Despit~

the decrease, the Trinity River still delivers the largest
absolute sediment load, while the Lavaca River delivers the
smallest (0.147 million tons/year, 133 million kg/year).
Sediment yield factors for TWDB sites vary from 0.282
million ton acre-lyr- l (632 million kg ha-lyr- l , Lavaca
River at Edna) to 0.015 million ton acre-lyr- l (33.6 million
kg ha-lyr- l , Nueces River at'Mathis).

Short~term sediment-discharge relationships of the
form S =aQb, where S is sediment input in tons/month, Q
is river discharge in acre-fr/month, and a and bare site­
dependent constants, were cOll).puted for the TWDB dad.
sets for each, of the periods between break points on thei~
respective double-mass curves. Similar relationships were
also computed for USGS data sets using all available data for
each rivet. Monthly values for USGS data were obtained by
assuming that the instantaneous values measured (in mgi
liter) were applicable through the entire month, and were,
appropriately converted to amonthlyvalue (in tons/month):
Results are presented in Table 4.4.4 and in Figure 4.4.4:
These equations can be used to estimate monthly sediment
input given monthly river discharge.

Estimates ofsediment yield in ungaged areas. The
technique used to quantify sediment yield in ungaged water~

sheds, which are generally located closest to the river mouth
where streamflow gages 'are tidally affected, is based on
erosion calculated by the universal soil loss equation and on
gully and streambank erosion (SCS 1976, 1977, 1978,
1979). Based on the above technique, Greiner (1982)

Table 4.4.4. Coefficienrs a and b for monthly suspended sediment-monthly discharge relarionship for
Texas rivers (y =aQb where y = monthly suspended sedimentload [tons/month], Q = monthly discharge
[acie-ft/month], !,=number of data points. and R2 = co~relation coefficient).

River Period a b R2 n Data source

Sabine. Ruliff 1974-1987 3.46*10-3 1.19 0.68 101 USGS
Neches. Evadale 1960-1987 5.80*10-2 1.00 0.66 113 USGS
Trinity. Romayor 1936-1946 2.22*10-3 1.46 0.91 125 lWDB

1947-1968 3.97*10-4 1.56 0.90 264 lWDB
1969-1986 3.50*10-4 1.43 0.88 212 lWDB

Colorado. Wharton, 1977-1987 8.56*10-6 1.82 0.80 85 USGS
Lavaca. Edna 1946-1957 1.27*10-2 1.42 0.86 1~~ lWDB

1958-1986 1.68*10-2 1.32 0.83 344 lWDB
Guadalupe. Victoria 1946-1957 1.24*10-4 1.70 0.86 144 lWDB

1958-1986 Ull*lO-4 1.65 0.81 348 lWDB
San Antonio. Goliad '1945-1957 9,17*10-5 "1.89 0.83 156 lWDB

1958-1986 . 6.51~10-4 1.62 0.71 348 ·lWDB
Mission. Refugio 1979-1987 6.67*10-2 1.04 0.91 43 USGS
Nueces, Mathis 1961-1971 6.71*10-3 1.21 0.89 126 lWDB

1972-1986 2.34*10-2 1.02' 0.90 177 lWDB
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Figure 4.4.4. Monthly sediment load versus monthly river discharge for Texas rivers.

calculated sediment yield factors fot 300 points in Texas in
1979. These analyses are oflimited regional application, and
the derived relationships show a considerablescatter ofdata

,points because estimated or measured rates ofannual sedi­
ment production vary widely (Petts and Foster 1985). Sedi­
ment yield factors were found to vary widely across Texas
(0.13 to 2.33 ton/acre, 291.36 to 5,222 kg/ha) reflecting the
wide range of soils, land type, and land management prac­
tices across the state. Sediment yield faaors and sediment
load estimates are provided for ungaged coastal basins on the
Texas coast in Table 4.4.5. '

Delta Development

Rivers carry sediment to the bays. When a river flows
into a bay, the velocity of the water suddenly decreases.
Some sediment held in suspension due to the water's move­
ment settles to the bottom. If local waves and currents are
not strong enough to carry the sediment away from its site of
deposition, the sediment will eventually build up and create
a delta in what was formerly open water.
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estuarine' fish and shellfish. It:l these areas, marsh plants and
occasional seagrasses may grow because rhe warer is shallow
and protected from excessive wave action, and the sediment
contains abundant inorganic nutrients. These shallow,
vegetated areas provide significant habitat for larval and
juvenile forms. '

Fisher (1969) identified the major factors affecting
delta development., From the landward perspective, factors
include sediment type, amount, delivery rate, variation in
delivery rate, and relative amount of bedload. These vari­
ables depend on river basin characteristics and may be
influenced by events' that occur ,hundredS of kilometers
inland of the delta. ,Other factors affecting delta develop­
ment are more locai and include: the nature of the bay­
bottom sediments; the depth ofthe water in which the d~lta

~uilds; the energy environment ofthe bay where deposition
occurs including waves, currents, and tides; and the struc­
tural characteristics'ofthe und~rlyingbay-bottom substrate.
Physical and chemical properties ofthe water may influence
the transport and deposition, of sediment. For example,
water density differences between river and bay waters may
minimize the mixing ofwater masses, influencing the distri­
bution ofsome suspended sediment. Alternatively, chenii~

cal processes resulting from the mixing offresh and salt water
may cause flocculation and settling ofclay p~rticles.ffom the"
river water. '

A delta consists of subdelta units rhat unde;go a
regular, process ofgrowrh and decay. The effect~fsome
factors listed above on t~e subdelta cycle is discussed i~ more
detail below.' '

Subdelta construction. Consider a newly opened river,
channel to a bay" Water carrying suspended ~ediment and
some bed load passes thro,ugh the river mouth and intci d~e"
bar. As water ente~s'thebay, the levee b~~ks ce,ase confini~g'
the flow and channeling it in a single direction; the water can "
spread out ina wide horizontal plane.~inc.e the river water,
reaches the base water level ofthe bay, the force ofgravity no
16nger drives theriver water flow., The ki~eticen'ergy of the
river water encounters the'mass of the stationary or slowly
moving bay water and dissipates in tu,rbulence as the river
water begins to mix. '
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D~ltasanddelta habitats. D~ltas form seaward ofthe The kineric~nergyof the river water keeps s~c:iiment
river mouth and consi~tofrhe subaqueous sedlnient depos- suspended i~ the water column ~hile the ri~er is flowing
ited in the"bay near the river mo~th; the river channels an4 between its banks. With the loss of kinetic energy, sus­
le:Vees that contain the river flow, and the shallow areas that' pended'sediment ~,~gins~o settle to the bo~tom. The'ab,iliry.
occur on the opposite sides of the levees from the fiver 'offlowi~gwatertokeep~arioussizes~fsedimentpartici~in
channels. The river channels an'd levees ~re ~led distribu- suspension is proportional to the water velocity: big Pilrticles
taries, while the shallow areas between them are called require greater water velocities, smaller particle~ require: .
interdistributaries. It is the interdisrributary' areas and lesser velocii:ie~. When the Velociry of the water decreases,
'shallow edges of the delta that develop habitats attr~ctive to the heaviest partkl~, suSh as sands orfine sands: .fallout
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Table 4.4.5. Sediment yield in 1979 'fot ungaged coastal tiver basins (Griener 1982).,

Sedi~ent Area Sediment Sediment
River yi~ld (acre) mass volume

(ton acre,l' yr'l) (ron) (acre-ft)

T riniry below
Romayor 0.16 505.103 80.816.5 53.0

'San Jacinto below
Lake Houston and
Buffalo Bayou below

,. Addicks 0.64 526.277 336,8i7.3 220.9
, Colorado below

Columbus 1.36 461.481 627.614.2 411.7 I

Navidad above Lake
Texana 1.12 895.620 1,003,094.4 657.9

Lavaca (all) 0.66 581.492 383.784.7 251.7
Guadalupe below

Victoria 0.67 505.856 383.923.5 251.8
San Antonio below

., " ~:q."

Goliad 0.36 168.960 339.749.1 110.8
Mission (all) 0.29 647.154 187.674.6 123.1
Aransas (all) 0.33 524.832 173,194.6 113.6
N ueces below Lake

Corpus Christi 1.51 164.925 249,036.8 163.3
0$0 (all) 0.51 177.141 88,570.5 58.1

first.' With further velocity decreases, smaller-sized particles
begin to drop out in order: silts, fine silts, and then large clay
pa~icles.

. As the,river water enters the bay, it slows immediately.
It spreads out from the river mouth and drops sand, fine
sand, and silt laterally. This forms the base of what will
become future river banks and levees. The river water also
deposits sand and fine sand across the channel opening into
t~e bay creating a bar. As river water travels beyond the bar,
slows, and spreads laterally, sandysilt and siltyclay settle out, '
creating a subaque'o~ fan-shaped area called the delta front.
Beyond the delta front, silty clay and clay settle in a prodelta
that lays dir~ctly upon the original bay bottom. The
deposition of clay particles is more complicated than sand
and silt. In river water, fine clay particles have large molecu~
lar surface areas and" adsorb ions so that they becom"e
negatively charged. These charged particles repel each other,
and the repulsi~nmay be great enough to overcome the force
ofgravity that would otherwise cause the particles to settle.
Therefore, they remain in suspension. When fine clays reach
the bay waters, positively charged cations such as sodium-:-.
abundant in estuarine waters-neutralize som'e charged"
particles, cauSing them to flocculate andset'de to the borto~.'

. Eventually, the bar across the inouth of the ~ive~
channel collects enough sediment that the ~arer startst~'

pass around either side of the bar. T~e b~~be~?l11es a
submerged mid-channel shoal, directing the river flow to
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split in two separate water channels (Russell 1967). During
periods of high inflow, enough sediment may be deposited
at the mid-channel shoal and along the submerged levee
deposits lateral to the main flow direction that the shoals and
levees become subaerial as the water level returns to normal, .
This creates two distinct channels'separated by land. In this
manner, the mouth ofthe river begins to advance out beyond'
the old shoreline into the bay. This slow advancement ofthe
river channel, levees, delta front, and prodelta into the bay
is called progradation.

As the subdelta progrades further, the levees isolate the
interdistriburaty area between the river channels from nor~ ,
mal river flow and protect the area from currents and wave
action. During periods of high inflow, water and sediment
enter this area from the flood waters,that spill over the levees.
As this water slo~s, sand and silt deposit on or near the levee,
while silt and clay are carried into the il}terdistributary.
During normal flow periods, turbid water '[rom the bay may
enter the interdjstributary !lrea and deposit clays. Measure­
ments from the'Colorado River Qelta by White and Calnan
(l990b) confirm this pattern. Cl~y constituted up ~o 80%
a~d s~lt no more than 300/0 of the sediment in the low
marshes on !nterdistributary areaS, whil~ high marshes, on
river levies contained more silt (up to 50%) and less clay (no
more than 40o/oY. ' . '

, ,

'Even during flooding, the interdistributary ~rea is
~helte'red from currents and wave action so the silts and clays



settle more rapidly than if they were in less protected open
water. The interdistributary area acts as a settling tank for
sediment. This results in a shallow open water area with
fertile submerged soil-the right conditions for marsh plant
and submerged seagrass growth. As the plants become
established, the stems and blades of the vegetation further
promote the deposition ofsuspended sediment by retarding
flow and wave action. Bottom dwelling suspension-feeding
invertebrates in the interdistributary may add to the removal
offine particles from the water column and their deposition
at the sediment surface (Smith and Frey 1985).

Besides shallowing the interdistributaryarea, the sedi­
ment carried by the river supplies material for construction
of new subaqueous levees and bars across the mouths of the
channels that had divided earlier. When enough sediment
has gathered, these channels divide again in the manner
described above. This process produces a geometric se­
quence ofchannels as the subdelta progrades. How far and
how rapidly the subdelta advances into the bay depends on
many factors including depth ofwater, quantity ofsediment
supplied, pattern of channels, and relative amounts of
transported sand, silt, and clay. Sediment from flood waters
and organic matter from marsh plant production allows the
interdistributary land surface to reach sea level and rise
above it. Small ponds and bayward-flowing creeks fre­
quently remain in the central interdistributary area. ,Since
there is an adequate supply of sediment for the levees and
interdistributaries, the subdelta will continue to grow and
prograde into the bay.

Subdelta deterioration. The rate ofvertical accretion
(aggradation) of the interdistributary areas varies invers~ly

with the land elevation and distance from the water source
for flooding (Redfield 1972). Since levee banks may become
high enough to reduce the frequency of flood waters reach­
ing the interdistributary areas, the rate ofaggradation even­
tuallydeclines. The elevation ofthe interdistributary marshes
begins to depend more on the deposition oforganic material
from the plants than inorganic sediment.

The subdelta has several layers. At the base is the
bottom sediment of the bay, followed by the prodelta layer
that has silty clay and clay. On top of that is the delta front
layer that is sandy silt and silty clay. Higher layers may
consist of silty clays in interdistributary areas or sandy silts
alo'ng levees. The weight of the upper layers compacts the
clays and silts ofthe prodelta and delta front layers. Deeper
sediments below the bay bottom may also compact as the
result of the weight. The entire upper bay area may be
affected by larger scale processes such as subsidence from
water and mineral extraction, and the Gulf Coast Geosyn­
cline (a downwarping ofthe Gulfshoreline from Mexico to'
Mississippi thathas occurred during the past 150 million
years). In addition to subsidence, a global (eustatic) rise in
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sea level independent ofland surface changes is also occ'ur­
ring at the present time (Gornitz et al. 1982). The land
surface elevation in the subdelta exists in a balance berween
the forces adding to the elevation and rhose decreasing it.
The subsidence and eustatic sea-level change combine to
produce a relative rise in sea level. When the relative rise
overbalances the aggradation forces, the delta begins the
process of deterioration and abandonment.

Inevitably, the river creates another pathway to the
bay that has a greater slope than the present route. Less water
flows through the river channels in the recently constructed
delta, and they begin to accumulate sediment and shallow.
Flood waters pass through the new opening to the bay and
it begins to build its own delta. Because the source of
inorganic sediment to the recently constructed delta dimin­
ishes, the balance berween aggradation and relative sea-level
rise tips toward land submergence. A sure sign ofdeteriora­
tion is the widening of small ponds and creeks in the
interdistributaries and the appearance ofnew shallow open­
water area.

Estimates ofsea-level rise during the next century tl;'at
result from global warming range from 0.15 to 2m (Schmandt
et al. 1992). Subdelta deterioration will accelerate even if
only modest climate change-related rises in sea level occur:

Subdelta abandonment. Sometime afrer the river has
changed course, the channels in the delta shoal so they
cannot deliver sediment to the interdistributaries and levees.
Organic material from the marsh plants is the only new,
particulate matter available to counteract the relative rise of,
sea level. Organic production may result in a thick layer of
organic sediment, but the relative rise in sea-level and wave
action cause the open water areas to spread wider.' The
interdistributary area and the levees eventually sink below
the water level and create a new open-water area.

Subdelta cycle. The cycle of subdelta construction,
deterioration, and abandonment occurs ofren during the
building ofa delta. Small subdeltas are built and abandoned.
New subdeltas build next to deteriorating subdeltas or may
be constructed on top of old subdeltas that have subsided
and become bay bottom. At some point in this repeating
process, the rate ofsubsidence slows. The particulate matte~

delivered and organic matter produced on'site effectively
counter the relative sea-level rise, and' the land surface
remains subaerial. This has occurred in most of the river
basins that drain into Texas bays. For example, during the
past 4,500 years, the Guadalupe Delta has prograded about
24 km (15 mi) into the bay since the end of the late
Wisconsin Glaciation (McGowen et al. 1976b).

A few 'rivers have carried so much sediment that the
estuaries intow,~ich they flowed have completely filled. The



Brazos and Colorado rivers both flowed into a co~mon

estuary located between what is now East Matagorda Bay
and We~t Bay by Galveston Island. The estuary reached
inland 3'5 km (22 mi) about 4,500 years before present (BP),
but has completely filled since then (McGowen eta!. 1976a).
More than 4,500 years BP, the Rio Grande built a delta in
its estuary that extended beyond the present Gulfshorelin~.
When sea level rose to its present elevation, erosion of
sediment from that delta helped to form the modern South
Padre Island (Brown et al. 1980).

Assessment of ~dimentInput to Deltas and Bays

Nueces Delta. The Nueces Delta prograded into
Nueces Bay during the periOd 1867 to 1982, but ~ecent
photographs show that marsh progradation ended between
1930 and 1959 (Morton and Paine 1984). The delta has
continued to grow slightly, through accretion into Nueces
Bay, but op'en water and barren flat areas have increased
faster than ~he' delta has accreted. White and Calnan
(I 990b) measured net vegetated area decreases of54 ha (133
acres) between 1930 and 1959, and 75 ha (185 actes)
between 1959 and 1979. The rate of decrease in the latter
20-year period is about double the rate of decrease in the
former 29-yeiu period.

From sediment load records, White and Calnan
(I 990~) sho~ed that the fluvial sediment load below Lake
Corpus Christi was much smaller from 1961 to 1980 than'
from 1942 £01957. Wesley Seale Dam, which created Lake
<:::orpus' Christi (capacity about 280,000 acre-fr), was com­
pleted in'1958. White arid Calnan (1990b) attributed the
redu~ed fluvial sedimerit loading to this reservoir. Before
Wesley Seale Dam was built, the smaller Corpus Christi
Reservoir was impounded behind Mathis Dam built near
Wesley Seale Dam. This reservoir, completed in 1934,
impounded 54,000acre-fr, but decieased in capacity to
39,400 acre-fr in 1948 due to rapid sedimentation (Buckner
et al. 1986). The ~nd of delta progradation was probably
related to the construction' ofCorpus Christi Reservoir 'as
evidenced by the rapid 30% loss ofreservoir capacity in j~t

14 years.

. The Nueces 'oelt~ now receives much less sediment
than before reserVoir constn1ction. More than 95% of the
Nueces River Basin that contributes sediment to the delta is
upstream of Lake Corpus Christi: In a recent study for the
period 1972 to 1985, Leibbrand (I987) showed that 97% of
the sediment ~ntering Lake Corpus Christi was retained in
it.' Still, it is not possible tb make an unequivocal state~ent
aoout 'the effect of' reservoir construction on delta area
decre~es since the N ueces' Bay area has also experienced
subsidence (Brown et al. 1974; Ratzlaff 1980), probably due
tO'the Saxet oil and gas field. In addition, the reduction in
Nueces Delta vegetated area is the smallest decrease ofall die
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major deltas, and is less than the decrease in the Guadalupe
EStuary thai: has not experienced sediment reductions fro~
nearby reservoir construction. "

Nueces and Corpus Christi bays.Shep'ard (1953)
compared the sediment load ofthe Nueces River with the fill
of Nueces and Corpus Christi bays and foj;ncla close
correlation. However, reservoir co~struction has de~reased

the sediment load to the delta and bay to only 4% ~f

Shepard's annual estimate (White and Calnan 1990a). White
and Calnan stated that it is possible thatsedimentation rates
have fallen behind the relative rise in sea level in Corpus
Christi Bay and the bay is becoming deeper. Since Nueces
Bay and Nueces Delta receive most ofthe small sediment
load delivered by the river, it seems unlikely that much river-'
borne sediment reaches Corpus Christi Bay. "

Guadalupe Delta. The Guadalupe Delta is ~ndergo~
ing a major shifr in development. Traylor Cut; dredged in
1935, now carries half or more of the discharge from "the
Guadalupe River into Mission Lake. A new subdelta is'
building at Traylor Cut with the prodelta and delta front
extending into Mission Lake. The quantity of water a~d

sediment carried thr~ugh the north and south foi~ of the
river to Guadalupe Bay has decreased because of Traylor'
Cut. White and Calnan (1990b) measured vegetated area
changes using photographs fr~m 1930, 1957, 1974, ~nd
1979. The area next to the north and south forks ofthe river
and Mission Lake has been modified by levees and Trayl'ar'
Cut. New vegetation in this areahas reduced th~ loss to only
10 ha (25 acres) from 1930to 1979. The vegetated area west
of the Guadalupe River above Hynes Bay decreased by 190
ha (475 acres) from 1930 to 1979. "

The lower delta below the south fork of the river
consists ~fseveral subdeitaS whose river channels were abim­
doned. These consolidated subdeltas are subsiding without
a source of' sediment; water bodies within this area aie
widening a~d deepening, and the edge ofthe delta by Hynes
Bay, San Antonio Bay, and the lower Guadalupe Bay is
eroding from wave action. Vegetation coverage in this area
decreased by 307 ha (759 acres) from 1930 to 1979 (White,
and Calnan 1990b).

Information presented earlier in this section showed a
trend of decreased sediment loads in the Guadalupe River
beginning in 1958. ,The break in the double-m~curves

(Figure 4.4.3) predateS construction ofCanyon Lake. 'There
are no obvious upstream developments that can account for
the change. The portion of the delta next to Mission Lake
and the north and so~th forks of the Guadalupe River isthe
only part ofthe delta that regularly receives flood Waters and
s'ediment from the river (TDWR 1980b); the delta areas
west ofthe river and below the south fork are effectively cut



off from river sediment due to the way the delta has devel- ,
oped. So., changes in the Guadalupe Delta seem to be more
attrib'utable to the subdelta construction and decay .cYcle
than changes in sediment load.

.Sanintonio Bay. About 21 % ofthe sediment load of
the Guadalupe River is deposited in Mission Lake or as part
ofthe Traylor Cut delta (Section 7.5). The sediment load of
the river is 2% sand, 27% silt, and 71 % clay (Welborn
1967). Since sand and silt settle out first, and mo~t of that
deposition occurs in the Mission Lake area, most of the
sediment carried to the bay is clay and fine clay. Much ofthis
material settles, but some may be carried to the passes and
into the Gulf. Based on sediment trap efficiency curves,
White and Calnan (1990a) estimated that Texas ~stuaries

(except for Sabine Lake) trap 95% of their sediment load.
They also noted that other studies have estimated lower trap
efficiencies of60 to 70%.

Several studies reviewed byWhite and Calnan (1990a)
concluded that the bay is filling under the current loading
regime. One study hypothesized that sediment delivery and
accumulation are in equilibrium. White and Calnan (1990a)
noted that estimates of relative sea-level rise from the Port
Aransas area may show that relative sea-level rise is greater
than other studies have anticipated. Ifso, San Antonio Bay
may be getting deeper. The lack of detailed information
about subsidence, relative sea-level rise, bathymetry, and
s~dimentdistribution by currents does not allow resolution
of these conflicting conclusions about San Antonio Bay
sedimentation.

Lavaca Delta. The Lavaca Delta protrudes about 3.7
km (2.3 mi) into Lavaca Bay. McGowen and Brewton
(1975) compared the shoreline and wetland areas in the
entire Matagorda Bay region between the mid-1850's and
mid-1950's using U.S. Coast Survey charts for the years
1856 to 1859, and later topographic maps and photographs..
They found little change in the lower delta during the 100,:
year ,period. .

Farther up the river valley at Menefee Flat, some old
vegetated areas are now open water and barren flats. White
and Calnan (199Qb) determined thai vegetated wetland
areas in the river valley decreased by 153 ha (378 acres) from
1.930 to 1958, and by 430 h~ (1,061 acres) from 1958 to
1979. They noted that levees and canals had altered the area
where this subm~rgence occurred, and local subsidence had
been as great as 30 cm (11.8 inches) in 55 years. They also
cited the. slumping of the western valley wall and possible
brine disposal from oil and gas fields as contributing to the
vegetation loss.

These vegetation losses occurred before 1980, the yea~

Lake Texana was completed, just upstream of the area.

Although reservoir completion had no bearing on the docu­
mented v~getation changes, there is i!1formation to suggest
that sediment supply to wetlands will be diminished now.
that Lake Texana is complete. Leopold et al. (1964) and
Vanoni (1975) noted that reservoirs with capacities greater
than 10,000 acre-ft can trap 95 to 100% of the incoming
sediment. White and Calnan (1990a) presented a modified
Brune trap efficiency curve, an empirical relationship be­
tween the percent of sediment trapped and the ratio of
reservoir capacity to inflow. As' the capacity-inflow ratio
increases, water remains in the reservoir longer, providing
greater opportunity for sediment deposition. Entrapment of
sediment in several Texas reservoirs is consistent with the
Brune curve, which estimates a trapping efficiency for Lake
Texana of95%.

Studies on the environmental impact of Lake :rexana
(lWDB 1974) estimatedamuchlowerretenrion rate (32%)
than suggested above. This estimat~ may be based on the
texture analysis of the sediment carried by the Navidad
River. The final environmental impact statement for the
project (U.S. Department of the Interior 1972) states that
68% ofthe sediment carri~d by the Navidad River is in the
clay-size range. The assumpti9n may have been made that no
clay-size particles would settle during the water's transit
through the lake.

Blanton and Ferrari (1992) completed a sediment
survey of Lake Texana covering the period May 1980
through June 1991. The average annual accumulation rate
in. the reservoir was 341 acre-ft/yr, and the net sediment'
accumulation rate from the contributing basin was 0.243
acre-ft mi-2yr-1. On this basis, Lake T exana retained abo.ut
43'% of the sediment that flowed into the reservoir. How_
ever, flows through the reservoir during the period' were'
about 30% higher than the long-term mean annual inflow,
so 43% may be an overestimate.

The Lavaca River and Lake T exana Basin yield 273
and 784 acre-ft/yr ofsediment (Greiner 1982), respectively.

, ,

With the reservoir in place and using the 43% trapping
efficiency estimate, the sediment load to the wetlands, delta,
and Lavaca Bay may be reduced by as much as 32o/~ com­
pared to the loading before ,Lake T exa'na was constructed.
White and Calnan (1990a) concluded that entrapmemof
the sediment probably will result in more extensive submer­
gence ~f upriver wetla~ds in the fUture.

Colorado Delta. The Colorado Riv~rDelta developed
as the result ofthe removal or'a h:>gjam in 1929 that extended,
74 km (46 mi) upriver from the town of Mat<J.gorda. The
logja~ trapped ~ost of the sediment lqad ~f the river.

.Within six years after the removal of the logjam, the delta
prograd~d 6.4 km (4 mi) across the bay. A channel4redged
through the delta and Matagorda Peninsula allowed the
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Colorado River to discharge directly into the Gulf. The
constr~ctionphase ofthe delta abruptly stopped in 1941'
with the closing ofm!Jst distributaries. This was attributed
to impoundment of the Highland Lakes in Central Texas,
construction of a farm road along the eastern arm of the
d~lta, and connection of the river to the Gulf. Ward et al.
(1980) noted that the mean sediment load to the delta is an
order of magnitude less than it was during the period of
rapid delta construction. Although no sediment load infor­
mation is available before 1945, the Colorado River was
considered a high sediment-load river until the Highland
Lakes were built (Ward et al. 1980). White and Calnan
(1990a) note that Lake Buchanan, at the head of the
Highland Lakes, traps about 98% ofthe sediment flowing
into it. Since there are six more dams downstream of Lake
Buchanan and less than 10% ofthe basin area remains below
the last lake in the chain to feed sediment to the river, the
reservoirs probably have a strong influence on the amount
of suspended sediment reaching the delta.

Manka and Steinmetz (1971) thought the eastern
side ofthe delta was in a destructional phase, but White and
C:Jnan (1990b) determined that the eastern side was stable
between 1974 and 1982. On the western side, subdeltas
have develop~d at Culver Cut, near the Intracoastal Water­
way (ICWW), and at TigerIsland Cut, about 1.6km (1 mi)
from the Gulf entrance. According to Van Beek et al.
(1980), the sediment for the Culver Cut subdeltais prob­
ably supplied from the river; it must pass southwest along
the ICWW and out the cut. The sand contributing to the
Tiger Island Cut subdelta comes largely from the Gulf
(White and Calnan 1990a) since an upstream silting basin
traps most ofthe sand transported by the river. Tiger Island
Cut added 66 ha (13? acres) between 1979 and 1987.

The delta is now undergoing a major change. The
mouth of the Colorado River has been diverted into
Matagorda Bay west of the existing delta. It flows directly
into Matagorda Bay, and will form a series ofnew subde\tas.
Van Beek et al. (1980) have made the only quantitative
predictions for any ofthe coastal deltas. They predict it will
prograde into the eastern arm ofMatagorda Bay at a rate of
25 ha/yr (37acres/yr). About 8% of the annual sediment
load will be retained in the delta. It will be instructive to
follow the development of new subdeltas formed by the
Colorado River to find out whether the prediction methods .
used by Van Beek et al. (1980) are accurate and can be
applied to other delta sites.

Lavaca and Matagorda bays. Wilkinson and Byrne
(1977) studied the depositional history of Lavaca Bay and
showed that the bay has experienced slight shoaling in the
past 3,000 years. They found that 73% of the bay fill
sediment came from river flow, 24% came from shoreline'

68

erosion, and the remainder came from Matagorda Bay.
Sedimentation during the past century occurred at tWice the
rate as in the previous 10,000 years, probably due to agricul­
tural development in the basin (White and Calnan 1990a).
With the completion ofLake Texana on the NavidadRiver,
the major source of bay sediment decreased significantly.
The input of river sediment will be only about 68% of the
pre-Lake Texana sedimentation rat~, based on information
from White and Calnan (1990a) and Blanton and Ferrari
(1992). White and Calnan (1990a) state that it is possible
that sedimentation will fall behind relative sea-level rise
resulting in a deepening bay system.

While the depth ofMatagorda Bay has kept pace with
sea-level changes over the past 10,000 years, most of the
central portion ofthe bay has not changed in depth over the
past century. The depth of the eastern arm of Matagorda.
Bay, influenced by the Colorado River, has decreased'in the
past century. With the diversion ofthe Colorado River into
Matagorda Bay, Van Beeket al. (1980) predicted 1;370 acre­
ft/yr of sediment will be transported' into the bay, nearly
twice as great as the load received by Lavaca Bay before Like
Texana. How the sediment will be distributed in Matagorda
Bay is unknown.

Trinity Delta. The T riniry Delta that protrudes into'
T riniry Bay is 500 to' 1,000 years old and has undergone 3Q
to 60 em (1 to 2 ft) of subsidence during its construction
(Failing 1969). It has actively prograded during the pkst'
century (Shepard 1953). In the past 50 yea'rs, the most
southern portions ofthe delta with active distributaties have
accreted. Older portions ofthe delta, below Old River Lake,
have retreated slightly.

In the interior portions of the delta, White et al.
(1985) documented the conversion ofsome marsh areas to

open water; this may suggest the effects of subsidence or
reduced sediinent inflow. The delta expetienced 22.5 em
(0.75 ft) of subsidence between 1943 arid 1978. The U.S.
ArmyCorpsofEngineers (1981) stated that Lake Livingston,
about 100 river miles upstream, traps all but 2% of the
sediment that enters the reservoir: Figure 4.4.3 shows the
effect ofLake Livingston in reducing susp~nded sediment at
Romayor. For the period 1969 to 1986, the annual average
suspended sediment load measured at Romayor was 526
acre-ft/yr. This compares with a 39-year average from i 936
to 1971 of 2,573 acre-ft/yr (Dougherry 1979). While
sediment)oad' measurements are not available before 1"936,
White and Cilnan (1990a) cited studies that explained the
current configuration of the. delta and Trinity River valley,
assuming long-tem} sediment loads of 3,000 acre-fe/yr.' It
appears that the present sediment load is significantly less
than the long-term load that provided material for delta
construction. '
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The effects of reduced sediment load on the delta's

vegetated wetland areas are not clear-cut. White and Calnan
(l990b) determined that wetland area increased by 600ha
(l,481 acres) between 1930 and 1956, but decreased by 4'14
ha (1,023 acres) from 1956 to 1974 (not including the
conversion oft ,030 ha [2,543 acres] ofwetland into a powet
plant cooling reservoir). The rate ofwetland increase in the
early period approximately equaled the rate ofdecrease from
1956 to 1974. Six of the 18 years during the latter period
occurred after the completion of Lake Livingston, so the
wetland area decrease could be related to reduced sediment
loading. Between 1974 and 1988, vegetated wetland area
decreased by 90 ha (222 acres). While the sediment load
decreased by 75% during the most recent period, the rate of
wetland loss was only 25% ofthe rate ofthe previous 18-year
period, 12 years of which occurred before Lake Livingston
was completed. Ifthe loss ofwetland area is due to decreased
sediment, the relationship is not direct. The rate ofwetland
loss was higher during the 1956 to 1974 period, when the
average sediment reduction was less than during later years.
Dredging of the Anahuac Channel and partial construction
of Lake Wallisville overflow dam and locking facilities
within the delta are complicating factors in assessing the
changes in delta area and relating the changes to reduced
sediment inflow.

While subsidence, dredging, and Wallisville construc­
tion confound a clear interpretation of the effects of sedi­
ment loading on the Trinity Delta, White and Calnan
(1990b) conclude that relative sea-level rise is surpassing
sedimentation. This is consistent with a decrease in deltaic
wetland area. They conclude that subsidence and reduced
sediment loading from the Trinity River appear to have

,contributed to the decline of the deltaic wetlands. If the
recommended alternative for Lake Wallisville is completed,
the suspended sediment will decrease by ~n additional 35%
and aggradation and progradation of the delta will occur

, only during high flows (U.S. Army Corps of Engineers
1981).

Galveston and Trinity bays. The major source of
sediment for the Galveston Bay system has been the Trinity
River(Paine and Morton 1986). White et aI. (1985) report
that sediment from the river is carried past Smith Point as far
as East Bay, based on trace metal information. Between
1854 and 1-933, the Galveston Bay system decreased in
depth at a rate of about 44 cm/100 yr (1.4 ftilOO yr)
(Shepard 1953), but, more recently, bay depth has in­
creased. Morton and McGowen (1980) compared depth
soundings taken in 1977 wirh 1968 National Ocean Survey
bathymetric data. Depth increased in Galveston, Trinity,
and Pst bays by 0 to 1.5 m (4.9 ft); this rapid subsidence is
due to groundwater and mineral extraction. West Bay also
deepened, but less than the other bays.

Paine,and Morton (1986) evaluated shoreline changes
in Galveston Bay, and noted an average rate of shoreline
retreat of 67 cmlyr (2.2 ft/yr). While erosion may have
increased in recent years and produced additional bay fill, it
probably does not offset the reduction in sediment from the
Trinity River due to Lake Livingston (White and Calnan
1990a).· So, the Galveston Bay system will continue to
increase in depth. .

Summary

Data and analytical methods. The quantitative -data
on suspended sediment is adequate to relate inflow and
sediment load. However, there is not much information on
sediment texture and practically no information about bed
load. A significant amo'unt ofdata in maps and photos exist
to evaluate the areal extent of shoreline changes during
periods of 50 to 100 years.

No conceptual model exists yet to provide a frame­
work for quantitative analysis of sediment loading. While
researchers have made some geologic measurements in deltas
and upper bay areas, the measurements are not extensive
enough to provide quantitative relationships between load­
ing and delta or bay fill volume or area change. T 0 c~mpli­

cate matters, there is evidence ro suggest that some sediment
movement into deltas is episodic (White and Calnan 1990a,
b).

Conclusion. We can determine the amount of sedi­
ment transported by most rivers and relate it to inflow
conditions, but we can provide only :;I. qualitative assessment
of what will happen to the sediment when it reaches the
estuary. Areal loss ofvegetation and gain ofopen water and
barren flats have been measured for the maj()r deltas, and
trends defined. Translating these gains and losses into
sediment volumes and loading requirements' will require
more extensive and accurate measurements ofbathymetry,
progradation, aggradation, sediment thickness, compac­
tion, transport, and relati~e sea-level rise. Site"specific
measurements of several of these critical variables are not
available or are just approximations. A substantial research
effort will be needed to relate sediment loading to mainte­
nance ofexisting deltas or shallow water areas.

Sediment loadsro the Nueces, Lavaca, and Trinity
d~ltas are a1readyinfluenced by upstream land uses. Reduc­
tions in sediment loads to these deltas have been docu­
mented. The effects of these reductions are 'not as clear,
however. Subsidence, local geologic changes, levee and
canal construction, and upstream agricultural practices all
confound the assessment ofchanges in sediment loads on the
deltas and bay areas. Nevertheless, it seems unlikely that
areas that are submerging will regain their former elevations



with reduced sediment loads, and it is possible that they will
deteriorate further. The G~adalupe Delta is still actively
undetgoing the delta growth and decay cycle. The changes
initsatea do not seem directly related to sediment load from
the Guadalupe and San Antonio rivers. Though the con­
struction ofthe highlands lakes reduced sediment load to the
Colorad~River, the Colorado Delta probably will continue
to grow on the western side when the diversion project is
complete.

4.5 CONCLUSIONS'

Hydrology. Inflow to Texas estuaries varies widely.
From north to south, there is a general decrease in freshwater
inflow. On the average, the volume of fresh water received
by the Mission-Aransas and N ueces estuaries isless than each
estuary's volume. Estuaries farther up the coast receive more
inflow on a per-volume basis, with the Sabine-Neches Estu­
ary receiving more than 50 times its volume each year.

Inflow varies from year to year, but the variation for
the Mission-Aransas and Nueces estuaries is much greater
than for systems farther up the coast. These two estuaries
have more periods with very low flows than the other~stems
studi~d. All estuaries show monthly inflow variations, with
the lowest inflows occurring'during August in each estuary.
The Sabine-Neches and Trinity-San Jacinto estuaries have
peak flows during the spring. The Nueces and Mission­
Aransas inflow peaks historically have occurred with storm
events during the fall. Middle-coast estuaries have both
spring and fall inflow maxima. .

Only the Mission-Aransas estuary had a significant
trend in inflows during the past 47 years, an increase of
2.1 %/yr. Two periods ending in droughts (1941 to 1958
and 1958 to 1966) showed significant decreases in inflow for
nearly all estuaries. During the period 1966 through 1987,
however, there were no statistically significant trends. The
Nueces Es~uaryshowed a large decrease (-4.33% per year) in
inflows over th~ latter peri~, but the large variabiliry ofthe
inflow record prevented the decrease from being statistically
significant.

Average salinities ofTexas estuaries are directly related
to the number of annual inflow volume~ each estuary re­
ceives. Bays with lower salinities generally receive a greater
number of inflow volumes than those with higher salinities~

All estuaries display a salinity gradient that increases from
the upper to the lower portion of the estuary.

,A trend a~alysis for various areas of Texas estuaries
showed that the salinity ofthe lower Sabine-Nech~sEstuary
.decreased by ab~ut 3%/yr fro~ 1968 to 1987. At the s~me
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time, salinity increased by around 2%/yr for West Galveston
Bayand lower mid-San Antonio Bay. Several portions ofthe
Nueces Estuary had increases in salinity, but Nueces Baywas
the only portion ofthe system in which the change was large
enough to be considered real.

Nutrients. Inflows provide the majority ofnutrient
loading to Texas estuaries. The proportion of the load
car~iedby river flow varies with respect to amounts delivered
by return flows and direct precipitation. Gaged flow pro­
vides 24 to 34% ofthe nitrogen load to the Mission-Aransas
and N ueces estuaries, about 43% to the Trinity-San Jacinto,
49% to the Lavaca-Colorado, and 80% to the Guadalupe
estuary.

Inall estuaries, there is a decreasing nutrient concen­
tration gradient from the head to the mouth. The gradient
exists under both high- and low- inflow conditions. The
magnitude ofnutrient loading varies substantially from one
estuary to another, but the residence time of the inflowing
water lessens the loading differences. Even under low-inflow
conditions, it does not appear that large areas of the bays art:
nutrient-limited. The lagoonal arms of the bays.have the
lowest concentrations of nitrogen during low. flow condi­
tions, but are wnes ofefficient use and recycling. Heterotro­
phic regeneration and high turbidity in the upper reaches of
estuaries coupled with lower turbidity ~nd efficient benthic
regeneration in the lower estuary allow nutrients to mo~e

through the system and be reused without encountering
problems of eutrophication.

Sediment. There is adequate information about sus­
pended sediment loads for the major rivers flowing to Texas
estuaries, but almost'~o information about bed load. The
relative importance ofbed load compared to suspended load
in providing sediment to deltas and bay areas is not known.
Suspended sediment consists ofsand, silt, and clay. Among
the rivers flowing to Texas estuaries, the proportion of silt
does not vary much. Rivers with high flows, such as the
Trinity and Sabine, carry high proportions of sand (20 to
38%) compared to the inflowing rivers to the south (0 to
5%). The Trinity and Sabine rivers also have relatively lo~

levels ofclay (38 to 58%) compared to the other river systems
(more than 70%). Rivers with much lower flows, such as the
Nueces, carry more than 85% ~f their susp~ndedsediment
as clay, with practically no sand.

The records for suspended sediment lQad for the
Sabine, Colorado, and Nueces rivers do not predate the
construction of large upstream reservoirs, so the effe~ts of
reservoir construction on sediment .loading cannot be mea­
sured: Suspended sediment load of the Trinity River was
measured from 1936 to 1986. The completion of Lake
Livingston on the Trinity River in 1968 brought about a



clear decrease in suspended sediment load that has contin­
ued through 1986. Other rivers show changes in suspended
sediment load that do not appear to be related to human
activities. The Lavaca, Guadalupe, and San Antonio rivers
displayed significant changes in sediment loading in 1958,
at the end ofa prolonged drought. The decreased sediment
load is still evident. The Nueces River had a substantial
decrease in suspended sediment load beginning in 1972.
The decrease, following the largest annual inflow on record
in 1971, was still obvious in 1986.

Recent studies have documented reductions in the
N ueces and Trinity delta areas that are most likely related to
reservoir construction. Reductions in the Lavaca Delta are

.probably not reservoir-related, and changes in the Guadalupe
Delta seem to be parr of the normal delta construction­
destruction cycle. While we can relate inflow and sediment
load quantitatively, we have only a qualitative understand­
ing of the relationship between sediment loading and the
building of deltas or maintenance of bay-borrom bathym­
etry.
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CHAPTER 5: INFLOW EFFECTS ON PRIMARY
PRODUCTION, CONSUMERS, NUTRIENT CYCLING,

AND ORGANIC CARBON USE

5.0 INTRODUCTION

The previous chapter presented information about
the effects of freshwater inflow on the hydrology, nutrient
loading, and sediment loading of Texas estuaries. The
quantities and patterns of supply of these basic ingredients
are the features ofestuarine ecosystems most directly affected
by upstream uses of fresh water. This chapter links these
essential inputs to the organisms that form the basis of the
estuarine food web: the plants and primary consumers.
These species constitute a substantial partof the"estuarine
life on which ... fish and shellfish are dependent,"which, in
turn, is an important managerial concern for the TNRCC in
making petmit decisions concerning water rights [TEXAS
WATER CODE 11.147(a)]. The major goal ofthis chapter
is to document and, where possible, to quantify the relation­
ships between inflow and various fundamental biological
components and processes in estuarine ecosystems. An
additional goal is to evaluate the relationships and identify
those components or processes that can be used quantita­
tively to determine freshwater inflow needs.

Phytoplankton. Section 5.1 reviews information about
phytoplankton standing crop and primary production in
Texas bays. Results from older studies as well as two recent
studies in the Guadalupe and Nueces estuaries are included.

Submergetlgrassesantimarshplants. Estuarine vascu­
lar plant communities-submerged vegetation and marsh
plants-are the subject of Section 5.2. Saliniry relation­
ships, undetwater light requirements, inundation needs,
and substrate conditions are the major inflow-related factors
affecting vascular plant distribution and abundance thai are
discussed in the section.
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Zooplankton. The relationships between freshwater
inflow and the abundance and productivity ofzooplankton
are investigated in Section 5.3. This section includes infor­
mation about micro- and macrozooplankton, although the
emphasis is on the latter. An analysis ofmacrozooplankton
abundance under high- and low-inflow conditions in Lavaca
Bay, the Guadalupe Estuary, and the Nueces Estuary is
included.· .

Benthos. Section 5.4 details the effects of freshwater
inflow on benthic organisms. Recent studies have provided
information on inflow effects on microbenthic, meiobenthic,
and macrobenthic groups. Differences in diversity and
abundance with respect to salinity regimes are discussed for
several estuaries. In addition, the effect of inflow on regen­
eration of nutrients by benthic organisms is also reviewed.

Nutrient cycling. Special studies on the Guadalupe
and N ueces estuaries have provided an in-depth understand­
ing ofnutrient cycling in Texas bays. Section 5.5 compares
the cycling rates and storage ofmaterials in the two estuaries
under contrasting conditions of high and low inflow. Dif­
ferences in nitrogen cycling are presented in some detaiL

Terrestrialanti tlelta carbon use. Section 5.6 consid­
ers the distribution and use oforganic material from terres­
trial and river delta marsh sou~ces, as determined by stable
carbon isotope tracers.· The extent of use of delta and
terrestrial organic matter is described from carbon measure­
ments on sediment, particulate organic material, and con­
sumer and predator species in three Texas estuaries.



Table 5.1.1. Major categoties ofphytoplankton common in Texas estuaries, ranked by
ordet of imponance.

Estuary Upper bay Lower bay Reference

Sabine-Neches greens diatoms TDWR (l981e)
diatoms greens
blue-greens

Trinity- diatoms TDWR (l982b)
San Jacinto greens

blue-greens

Lavaca- cryptophytes Gilmore et al. (1976),
Colorado greens Jones et al. (1986)

diatoms

Guadalupe cryptophytes Matthews et aI. (1975)
greens
diatoms

Mission- blue-greens diatoms Holland et al. (1975)
Aransas greens dinoflagellates

greens

Nueces blue-greens diatoms Holland et al. (1975)
diatoms dinoflagellates

Laguna Madre diatoms diatoms TDWR (1983)
dinoflagellates greens

5.1 ESTUARINE PHYTOPLANKTON, PRIMARY
PRODUCTMTY, AND FRESHWATER INFLOWS

Introduction

The production of biomass by phytoplankton (sus­
pended micro-algae) inhabiting the estuaries is a major
source oforganic material entering the estuarine food chain.
This section describes current information on phytoplank­
ton in Texas estuaries, the importance oftheir productivity,
and how the phytoplankton are influenced by environmen­
tal factors including the quality and quantity of freshwater
inflows.

Plankton Groups and Biomass

Composition. The phytoplankton comprise a diverse'
assemblage of algal species, sizes, and shapes, with various
capacities for photosynthetic conversion of sunlight and
dissolved nutrients into organic matter. Marine species and
freshwater species mix in the estuaries. The relative compo­
sition of these species in a bay varies seasonally, to some
extent, and as the salinity gradient changes. For the purpose
of assessing the general character of estuarine primaty pro­
duction, phytoplankton species are often grouped by major
taxonomic divisions. The relative importance of these
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groups may indicate the ecological health and functioning of
the system, how accessible the production is to consumers,
and whether the system may be dominated by marine or
freshwater species.

Table 5.1.1 presents an overview of the predominant
phytoplankton groups in each estuary, summarized ftom the
references listed. The table illustrates only the most general
level ofcontrast. However, differences in relative dominance
ofphytoplankton groups among the estuaries may determine
which pathways are most important in moving the
photosynthetic carbon into higher trophic levels. Diatoms,
for example, are generally considered a more available food
source for zooplankton than blue-green or many green algae
(Ryther and Officer 1981). Marine diatoms are more
prevalent in the bays ofthe lower coast than in the other bays,
and are generally most prevalent in the portions of the bays
proximal to the barrier islands. Therefore, phytoplankton
productivity. in these bays contribute directly to the
zooplankton link in the food chain. Freshwater algal species
may dominate the upper bays during times of high inflow.
Because some freshwater phytoplankton species are not the
preferred food ofzooplankton, they may enter the estuarine
food chain through benthic filter feeders, rather than through
the planktonic food chain.



Standing crop. Realistic comparisons of estuaries
based on phytoplankton standing crop would require more
abundance and biomass measurements than are currently
available (see discussion on variation below). In addition,
recent studies demonstrate that more attention should be
direered to accurately sample the smallest phytoplankton
species, as these may constitute a large proportion ofthe total
biomass Oones 1986; Stockwell 1989).

, ;

Measurement ofchlorophyll extracted from algal cells
has long been used as a quantitative index ofphytoplankton
biomass. Chlorophyll data from the 1WDB Coastal Data
System are presented in Table 5.1.2. Monthly to quarterly
samples were taken at several locations in each bay, from
1968 to 1989. The average chlorophyll concentrations
among the seven Texas estuaries range from 12.9IAgm/1 in
the Trinity-San Jacinto Estuary to 3.1 IAgm/l in the
Mission-Aransas system. The average chlorophyll levels in

Table 5.1.2. Average (Avg.) chlorophyll concentrations (Ilgmll) and
standatd deviations (St.D.) for total, upper, and lower regions of
seven Texas estuaries. Values are from TWDB and TNRCC moni­
toring programs.

Trinity-San Jacinto
Estuary

Variation. Phytoplankton are not uniformly abun­
dant in estuaries, either temporally or spatially. Figur~ 5.1.1,

these estuaries fall in the mid-range of averages for river­
dominated estuaries listed by Boynton et al. (1982). Con­
centrations are genetally higher in the upper portions offive
of the estuaries, as might be expected in response to higher
nutrient levels there. The other two estuaries, Laguna Madre
'and Mission-Aransas, have higher chlorophyll concentra­
tions in the vicinity of passes to the Gulf. These areas may
recei~e nutrient additions other than through their upper
bays, Aransas Bay from the Guadalupe Estuary, and lower
Laguna Madre from the Arroyo Colorado.

Avg. St.D. Avg. St.D: Avg. St.D.

S~bine-Neches 5.5 4.6 6.3 5,4 4.9 3.6

Triniry- 12.9 18.3 15.9 17.9 9.6 10.3
San Jacinto

Lavaca- 6.4 7.2 8.2 9.1 4.5 3.6
Colorado

Guadalupe 9.9 14.4 18.0 23.6 6.3 6.0

Mission- 3.1 2.9 1.0 0.9 3.9 2.9
Aransas

Nueces 5.3 5.8 8.6 6.8 3.9 3.2

Laguna Madre 9.6 33.4 6.4 6.7 13.3 47.5

Estuary Total Upper Lower
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Figure 5.1.1. Phytoplankton concentration (cell numbers/ml) in the
Triniry-San Jacinto Estuary, April 15 to 24, 1969 (from Ar,mstrong and
Hinson 1973).

from Armstrong and Hinson (1973), shows typical variation
in numbers of phytoplankton suspended in the water col­
umn. Phytoplankton were sampled using a fine-mesh
plankton net, so the abundance data show .the distrib~tion

primarily oflarge marine diatoms in the estuary. Whitledge
(1989a, 1989b) presents detailed descriptions of the spatial
variation in phytoplankto!1 chlorophyll for the Guadalupe
Estuary and the Nueces Estuary. Figure 5.1.2 (from
Whitledge 1989a) illustrates the high phytoplankton biom­
ass occurring between pulses of freshwater inflow to 'San
Antonio Bay in 1987. .

In any bay, the numbers and kinds of phytoplankton
characteristically 'vary with the seasons and over shorter
periods (e.g., week to week)' as some species bloom at the
expense of others (Holland et al. 1975; 'Copeland and Fruh
1'969; Gil~ore et al. 1976). As a particular algal species finds
the combination of temperature, salinity, ~nd nutrients
favorable within a bay, its population may grow to tremen­
dous numbers, producing a characteristic color' in the w~ter.

Some blooms attract planktivor~s, while in other cases,
blooms .make the water distasteful or even toxic to other
species (red tides). Some blooms continue for months, while
others last for only weeks. Therefore, the history of the
phytoplankton over a year frequently shows dramatic popu­
lation flueruations. A number of the studies cited'in this
section provide data on the se~or:tal variation encountered.

, "



Reference

Odum ~nd Wilson (1962); Odum et aI. (1963)*

Macintyre and Cullen (1988)

Ward and Armstrong (1982)
Davis (1973)*

Od~m and Wilson (1962); Odum er aI. (1963)*
Flint (1984)
Stockwell (1989)

Armstrong and Hinson (1973)*

2.68

1.18

Rate

2.18

1.76
0.48
1.22

0.502
2.41

In addition to the carbon from phYtoplankton pho­
tosynthesis, other sources oforganic carbon in estuaries
include river-borne detritus, material transported into
the bay from tidal marshes, wastewater discharges, apd
runoff. Flint (1984) estimated that other sources of
fixed carbon besides phytoplankton account for 48% of
the N ueces Estuary total annual carbon input. Table
5.1.4 compares average areal primary production to
average inputs oforganic carbon from combined river,
runoff, and waste discharge input (Section 4.3). Ph0:o- .
plankton production may provide an order of magni­
tude more fixed carbon than external sources for a few
estuaries all of the time. Phytoplankton production
exceeds the inputs of other sources of carbon in Texas
estuaries where measurements have been made. Section
5.6 discusses other measures of the relative imponance
of various carbon sources.

Although these estuari~s diffe~ in the amount of fresh­
water inflow r~ceived, average salinity, and other char­
acteristics, the adaptive responses ofthe phytoplankton
community in each estuary lead to similar levels 'of
production.

The importance ofpelagic production. Most of
the organic production in the bays of the upper coast
may originate with phytoplankton. However, in the
lower coastal bays, seagrasses and their epiphytes play an
increasing role (Pulich 1980, see Section 5.2). The rates
of production reponed for upper and lower Laguna
Madre in Table 5.1.3 were measured by the diurnal
curve method and may include substantial seagrass,
production. Most of the phytoplankton contribution

, to Laguna Madre occurs in Baffin Bay (Hedgpeth
1967).

Estuary

San Antonio Bay

Figure 5.1.2. Chlorophyll-a concentration (Ilgmll) in San Antonio Bay.
March 4. 1987 (from Whitledge 1989a).

Primary Productivity

Within these large-scale shifts, daily changes may also occur.
Stockwell (1989) documented three- and four-fold day-to­
day changes in surface chlorophyll at sites in Nueces Bay.
Because of the rypical variation i'n phytoplankton popula­
tions, many samples of the plankton communiry are re­
quired before the estuarine planktonic biomass can be deter­
mined with statistical confidence.

Primary productiviry of Texas esruaries have been
measured by techniques to assess commu-
niry-wide production Using the diurnal

Table 5.1.3. Average primary production rates in Texas estuaries in gm C m-2 day -1. An
curve method (e.g., Odum and Wilson asterisk (*) marks values standardized by the procedure in Flint (1984).
1962), and by using carbon-14 methods.

.Table 5; 1.3 presents average rates of pro­
duction from studies ofmost major Texas
~stuaries. These figuies sho~ Texas estu-
aries' to be among the mo're productive Triniry-San Jacinto

estua'ries in 'the U.S. in comparison with
, al) Lavaca-Coloradodata presented by Boynton et. (1982

'for river-dominated estuaries: This' pro­
ductivirfcompirison corresponds to simi- ' Guadalupe

lar comparisons of nutrient richness pre-
se~ted in Section 4.3. Productiviry mea- Nueces

surements f;om these estuar:ies are not yet
numeroUs enough to establish a true range
of variation. However, "from the data dUpper, Lagu?a Ma re
available, it appears that the rates of pr~-
duction arriong these estuaries are similar.
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Table 5.1.4. Phyroplank£On productivity and external total
organic carbon (TOe) loading. Loading data presented in
Section 4.3, values are gm C m-2day-l;

~. i' ......

Guadalup~ Estuary were positively associated 'with inflow
rate and nitrite and negatively associated with salinitY and
water temperature (Matthews et al. 1975).

Estuaty Primaty production

Trinity-San Jacinto 2.2

Lavaca-Colorado 0,50 to 2.4

Guadalupe 0.70 to 1.2

Mission-Aransas

Nueces 0.50 to 1.0

TOCload

0.390

0.130

0.120

0.047

0.030

For the Nueces Estuary, Flint et al. (1983) developed
a regression equation which predicted daily productiviry
from saliniry, water temperature, ammonia nitrogen con­
centration, average total dailysunlight for the sample month,
Secchi disc depth, station water depth, and average water
surface sunlight for the day ofsampling. StockWell (1989)
found that salinity, temperature, and total nitrogen per
square meter were useful in explaining chlorophyll varia­
tions in the N ueces Estuaty. The best predictor of primaty
productivity developed from his data, however, was' an
equation based on phytoplankton biomass and light avail-
ability: ..

Table 5.1.5. Average (Avg.) Secchi disk depths (em) with standard devia­
tions (St. D.) for Texas estuaries, from TWDB and TNRCC monitoring
data.

Factors controllingprimaryproductivity. The inves­
tigation of environmental controls on phytoplankton pro­
ductivity has been a focus of studies of Texas estuaries.
Armstrong and Hinson (1973) investigated the potential
limitation ofalgal growth bytoxic chemicals, but the empha­
sis of most studies has been on potential limitation by
nutrient concentrations. Phytoplankton of the Trinity-San
Jacinto Estuary were stimulated with additions of nitrate
and phosphate, but productiviry was not correlated with
those nutrient concentrations in the water column
(Armstrong and Hinson 1973). Productivity was assumed
to be limited by light penetration. Simple correlation
analysis found that chlorophyll concentrations in the

Estuary

Sabine

Triniry-
San Jacinto

Lavaca­
Colorado

Guadalupe

Mission­
Aransas

Nueces

Laguna Madre

Total Upper Lower

Avg. St.D. Avg. SeD. Avg. St.D.

71 47.2 67 33.3 70 58.3

59 35.6 50 25.2 63 41.1

58 40.6 49 34.2 85 49.6

52 36.5 33 19.9 70 40.6

74 44.8 58 32.3 87 48.8

86 50'.9 33 21.1 102 46.9

78 47.9 88 59.8 69 34.6

P = -217.8 + 2.49 (B*Zp*lo)' ' R2 = 0.71,

where Pis the rate of production in mg C m-2day-l, B is
phytoplankton biomass (chlorophyll-a, in mg/m3), Zp is the
depth ofl % isolume, and 1

0
is the surfac'e irradiance in units

of Einstein m-2day-l (an Einstein is the radiant 'energy
required to effect a photochemical transformation of one
mole ofreactant and varies with the frequency ofth~ radiant
ener.gy).

The bays ofTexas estuaries are freque~tly very turbid,
usually from clays kept suspended in the water by wind­
induced turbulence. A common measure of turbidity is
Secchi disk depth, the depth at which a white disk lowered
into the water just disappears. Average Secchidisk depths
range from 52 to 86 cm among the estuaries (Table 5.1.5).
In contrast, Secchi disk depths in the Gulfat the Port Isabel
jetties are commonly 300 to 400 cm, and occasi(;>nally do,wn
to 800 cm (data from the TNRCC Statewide Monitoring
Network). The rate of light extinction with depth is in­
versely proportional to Secchi disk depth. Thus, light avail­
able for phytoplankton production in water with a Secchi
disk depth of 25 cm i,s only 1/500 of the light available in
water with a 250 cm Secchi depth. Turbidity, seasonal
temperature variation, and flushing rate are physical param­
eters important in determining primary production in estu­
aries (Boynton et al. 1982). Additionally, algal growth rates
may be controlled by concentrations of dissolved nitrogen
falling below optimal levels. Boynton et al. (1982) regressed
productivity data from many estuaries against nutrient load­
ing per unit area. The results suggested that nitrogen input
to an estuary has a stronger influence on system production
than does the input of phosphorus. Whitledge (1989a,
1989b) preseilts evidence that nitrogen is the chief nutri­
tionallimit on phytoplankton growth in the Guadalupe and
Nueces estuaries.
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Freshwater Inflow Effects

Taxonomic groups. Inflow rates definitely affect the
relative abundance of various species of phytoplankton in
the estuary, especially in the upper eStuary. Gilmore et al.
(1974) reported blooms ofsmall diatoms and microflagellates
in Lavaca Bay following periods of high inflow, whereas
marine diatoms became important when river inflo~s re~

main~d below 500 cfs. A similar situation was observed by
Holland et al. (1975) in Copano Bay.

Estuary, wi~h its high inflow rates and high turbidiry;'and the
Laguna'Madre with low inflow rates and higher ~aterclatity.
In general, data discussed here suggest that all Texas estuaries
have productive phytOplilnktqn. Future concerns for these
important primary producers ofTexas bays will focus on the
kinds of algae that are productive and the conditions favor­
able for species which contribute to secondary production.
Studies th~t identify conditions for growth of noxious spe­
cies should also be done (Dean Stockwell, UTMSI, personal
communication; cf. Ryther and Officer 1981)., "

Biomass: The relationship between estuarine chloro­
phyll ~onceimations and inflow rates may indirectly indi­
cate the relationship between inflow and phytoplankton'
piriductivity for a given bay. Regression ofSan Antonio Bay
chlorophyll data from Stockwell (1989) with freshwater
inflow volume during the month of sampling showed that
increased inflows produced higher chlorophyll concentra-

,tions, but explained only 39% of the variation. Surface
chlorophyll data collected in routine TWDB and TNRCC
monitoring ~fstations in inid-San Antonio Bay do not show
a simple relationship with inflows. Figure 5.1.3 displays the
relationship between surface chlorophyll sampled during
1980-1988 period and the surface inflows summed during
the 30 days preceding sampling. There is an apparent
increase in chlorophyll concentrations from very low to
moderate inflows, but a slow decrease in concentrations
occurs as flows continue to increase.

5.2 EFFECfS OF FRESHWATER INFLOWS ON
DISTRIBUTION AND PRODUCfMlY OF
ESTUARINE WETLAND FLORA AND SUB- '
MERGED VEGETATION

Iotrfc)duetioo

-' The wetland plant communities important to estua­
rine fishery and wildlife organisms for 9ursery or feeding
habitat consist ofsalt marshes, brackish marshes, freshwater/.
intermediate delca marshes, :md submerged vascular vegeta­
tion. Each community is defined by the occurrence of
certain characteristic plants and their associated physical­
hydrological environment (Cowardin et al.-1979): Com"
mon vascular wetland species are listed in Table 5.2; I'
according to communiry types andthe Texas estuaries where
they frequently reach dominance. ' ,.,

Figure 5.1.3. The rdarionship between chlorophyll-a (mgll) in midcSan
Antonio Bay (from 1WDB and TNRCC monitoring programs) and the
combined freshwater inflow to the Guadalupe Estuary summed during the
preceding 30 days. - The dominant species composition ofbrackish marsh

communities consists of bulrush (Scirpus spp.), marsh hay
cordgrass (Spartina patens), and saltgrass (Distichlis spicata)
on the upper coast around Sabine Lake, Trinity Bay, and
Galveston Bay. This changes to fringe smooth cordgrass
(Spartina alterniflora) salcmarsh on the centrat' coast
(Matagorda, San Antonio, Copano, and Aransas bays),. and
eventually. yields to" succulent halophytes including glass-

Ecologicalgradients. Along the Texas Coast, a welJ­
defined north-south gradient is evident in the am~unt',of

these habitat types within the seven m~jor estuarin~ ~yste~s.,
Intermediate marshes are most extensive along ,the upper
coast in the Sabine,and Trinity River deltas [13,060 ha
(32,258 acres) in Trinity delta (USFWS 1987)], and de­
crease dramatically going southward. The Guadalupe Delta
contained about 4,833 ha (11,942 acres) of 10w,-saJinity
brackish marsh in 1976, while the N ueces Delta had 5,35C
ha (13,220 acres) at this time (Adams 1977). Permanent
freshwater marsh,assemblages typically occupy river drain­
age bottomlands and frequently are interspersed with fluvial
woodland species [e.g., willow (Salix) and cypress
(Taxodium)].

600 '

Mid-San Antonio Bay

•
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Productivity. Freshwater inflows bring nutrients into
the bay, but high flows may physically flush the upper
estuary ofestuarine phytoplankton. The point at wh'ich the
,effects of flushing overc~me increased prod~ctivity cannot
be determined from th~ data presently available. High nites
ofprimary production exist in both the Trinity-San Jacinto

"

78



" ...~
-'. ~J; ,;, ,~~"

,".
", •...

Table 5.2.1. Dominant plants of Texas esruaries and res~C[ive communi~ies(from Pulich 1990).

Community type

Scientific name Common na~e Submerge~ Salt
marsh

Brackish Freslil
marsh 'intermediate

, marsh

Est;.aty wher~
dominant

Tha/anill ustudinum Turdegrass S
Syringodi!,m fi/iform~ Manateegrass S
Halophila mg~/manni Clovergrass S
Halodule wrightii Shoalgrass S',Bb
Ruppill maritima Wiclgeongrass S, B, Fd
Va//isnn-ill ammcana Wild celety B,F
Najas guada/upmsis Water nymph F

H~/iotropium curassaviC1:'"! Beach heliotrope X
Sa/icornia big~lovii Annual glasswort X.·

Astn- tmuifo/ius Salt marsh aster· X X
Avic~nillg~rminans Black mangrove X X

. Batis maritima Salrwort X X
Borrichill fruwans Sea oxeye X X

:Distich/ii spicata Seashore saltgrass X X
Ivafrut~sans Sumpweed X X
Lycium caro/inillnum W~lfberry X X
Monanthochlo~ /ittora/is Shoregrass X X
Sa/icornia virginica Perennial glasswort X X
Spartina a/urniflora Smooth co~dgrass X X

Spartina pauns Marsh-hay cordgrass X X
Spartina spartina~ Gulf cordgrass X :1: X

]uncus ro~m~rianus Needlerush X
Scirpus maritimus Saltmarsh bulrush X
Scirpus o/nryi Olney bulrush X

Bacopa monnin-i Water hyssop X
Hydrocotyle spp, Pennywort X
Paspa/um vaginatum Seashore paspalum X
Phragmius australis Common ;eed X
Scirpus amn-icanus Three-square bulrush X
Typha doming~is Narrowleafcanail X

A/tn-nanth~ra philox~roitks Alligator weed
Eichhornill crassip~s Water hyacinth
Sagittaria spp. Arrowhead' .

Scirpus ca/ifornicus Bulrush
Zizaniopsis mi/iacea Giant cutgrass

M-A<
M-A, Nf, LMg
L-Ch, M-A, N, LM
All except S_Nc
All "

T-SJ
T-SJ i, L-C, Gi

All
, All

All
G,M-A,N,LM
All
All
All
All
All
All
All
All except LM

X· All"
X All

SeN, T~SJ, L-C'
All except LM
S-N, T-SJ, L-C

X All
X All
X S-N, T-SJ

:X All except LM
X All
X All

X S-N, T-SJ
X T-SJ, L-C, G
X S-N, T-SJ, L-C. G
X S-N, T-SJ. L-C. G
X S-N,T-SJ. L-C, G

S: Submerged salrwater habitat
b B: Submerged brackish water habitat
c S-N: Sabine-Neches Estuary
d F: Submerged freshwater habitat
e . M-A: Mission-Aransas Esruary
f N: Nueces Estuary
g LM: Laguna Madre Estuary
h .L-C: Lavaca-Colorado Estuary

T-SJ: . Trinity-San Jacinto Estuary
G: Guadalupe Estuary
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worts (Salicornia spp.), saltwort (Batis maritima), and 1>la&
mangrove CAvicenniagerminaiis) in sali: marshes'on the lower'
coast (COtpUS Christi Bay and Laguna Madre). Diener
(1975) listedacreage ofestuarine marsh vegetation as: i71 ,995
ha (425,000 acres) for Sabine Lake; 93,646 h~ (231,400 '
acres) for Gaivestoil Bay; 48:563 ha ;(120,000 ~cres) for
Matagorda Bay; 10,117 ha (25,000 acres) for San Antonio
Bay; 18,21 i ha (45,000 acres) forC~pano-Aransasbays;and
18,211 ha (45,000 acres) for Corpus Christi Bay. As
calculated Jrom' additional data in Diener, the ratio of
submerged vegetation acreage to emergent marsh acreage is
0.078 in Galveston Bay, 0.059 in Matagorda Bay, 0.654.in
San Antonio Bay, 0.092 in Copano-Aransas bays, 0.283 in
Corpus Christi Bay, and 0.764 in Laguna Madre. These
ratios express quantitatively the increasing abundance of
submerged vegetative habitat from north to south, and the
con~urrent decreasing dominance ofemergent marsh habi­
tat.

These latitudinal shifts in abundance and dominance
ofestuarine plant communities are attributable to the perva­
sive influence of freshwater inflows on Texas' coastal wet­
lands (Copeland 1966). Texas estuarine systems vary along
well-defined geographic gradients ofprecipitation and tem­
perature (Thornthwaite 1948; TDWR 1982c; Bomar 1983),
and vegetation develops in response to the unique topogra­
phy and hydrologic conditions existing in each estuary. The
vascular plant species persist at bay locations only ifthey are
adapted to, th~ salinity and inundation regimes associated
with the precipitation and temperature gradients. For the
most part, the bays from Matagorda Bay southward along
the Texas coast are located in arid regions which experience
net annual water deficits (annual evapotranspiration exceeds
rainfall). Be~ause precipitation, both inland and on the bay,
controls the amount and timing of freshwater inflows, the

latter ultimately controls'the salinity conditions in the bay
watets. Dominant species 'comprising the plant communi­
ties are those which are most competitive over basic inunda­
tion cycles (i.e., hydroperiod) and salinity, nutrient, and
sediment~loading regimes caused by tides and freshwater
inflows, coupled with temperature regimes (Copeland 1966;
Chabreck,197,2>,:

Environmentalfactors and, vegetation tolerance lim­
its. Becawe the immediate effect ofaltered inflows is uSually
on bay water: salinities, response of many, estuarine; plant
species to, variations in salinity has been extensively investi­
gated. Table 5.2.2 lists information on, salinity limits and
optimal ranges observed for common Texas estuarine vascu­
lar plants (seagrass references from Table 9-1 in TDWR
1983 by Gary, L. Powell, with emergent ~arsh pl~nt and
additional seagrass references added by section author).
These data were derived from both laboratory and ,field
investigations under widely variable situations and over
broad geographic ranges. Examination of these limits indi­
cates that phYSiological responses can differ significantly
from ecological, or growth responses for a given species.
Generally, 'physiological optima are well defined, while
ecological li,mits cover a wider range 'of salinities: This
reflects the interaction between salinity ~nd other growth
facto~ requirements which can ameliorate the salinitY effect.
An, estuarine species will grow abundantly, although not at
maximum rate, wnere the combination ofgrowth factors is
in a favorable range, which may be quite broad.

,kothe~ consideration is the distinction bem;~en wa­
ter column salinity and soil water or root zone salinity. Roots
exist in a totally different environment from aerial shoots
and leaves. These tissues, which have a distincriy different
physiology,.are adapted to the special characteristics ofeither

I

Table 5.2.2. Extreme.salinity limits and optimum ranges for selected Texas estuarine-dep.endent planrs.

Group/species

Submerged vegetation"

Halophila mgdmanni

min. (%0)

13 to 18

Limits

max. (0/00)

50

Optimum (%0)

37

25 to 36

23 to 37

(continued)

"so

Remarks .

Plants flowered profuSely in March following
transplantation to '14-houf photoperiod in laboratoty
(McMillan-1974).

,',
Plants observed flowering in Redfish B~y. Texas. from
April to June ar 25 to 29 DC temperatures (McMillan
1976), '

Plants transferred ftom 37 to 13%0' and 180/00 salinity
rerained some green tissue for at lea.o:t a week; plants did
not survive at 50%0 past eight weeks; 23 to 370/00
salinity range of good survival for 13 weeks (McMillan
1974).



°l: '.

Remarks

Range of survival after six-week test in laboratoty
(McMahan 1968).

Salinity range of green tissue survival for two weeks or
more in laboratory; plants did not survive at 50/00 and
600/00 salinity (McMillan 1974).

Plant leaves showed height increase to 400/00 as salinity
was increased during 55-day test (McMillan and
Moseley 1967).

Plants were rated not vigorous at 44%0 salinity and
died after three-week laboratoty test at 52.50/00
(McMahan 1968).

Planrs transferred from 370/00 to rap warer and 50/00
.conditions retained green rissue (Ieaves)for two weeks;
plants retained green rissue in evaporared anificial .
seawater salini~ies up to 80%0; 23 ro 370/00 range of
good survival for 13 weeks (McMillan 1974).

Table 5.2.2. Continued from previous page.

Group/species . Limits , Optimum (%0)
min. (%0) max. (%0)

Manateegrass
SyringoJium fi/ifor7n~ 40

44

10 50

Shoalgrass
Ha/oJu/e wrightii 3.5 52.5

<5' 80 23 to 37

10

>72

60

Plant leaves showed continuous height increases to
720/00 as salinity was increased during 55-day test .
(McMillan and Moseley 1967).

. Salinity range reported for this adap~~llle tropical
species which also tolerates 7 to 32 ·C temperatures in
northern Gulfof Mexico (Phillips 1980).

21 35 22 to 31 Maximum production (biomass) in Redfish Bay, Texas.
occurred at water remperatures of 28 to 31 ·C and
salinities of 22 to 310/00 during July to September of
two years (Pulich 1985).

25 50 30 to 36 Maximum production (biomass) in Laguna Madre.
Texas. occurred at water temperatures of 30 ·C and
salinities of 30 to 36%0 during June to August (Pulich
1985).

Turtlegrass
Thalassia ttstudinum 28 to 32 Flowering of Florida plants in laboratoty (Marmelstein

et aI. 1968). ' .

37 .Flowering (staminate only) of plants from Port Isabel,
Texas. observed in Aptil following transplantation to
14- and 16-hour photoperiods in laboratoty (McMillan
1974). .

48 33 to 38 Maximum field disrribution in Florida; salinity range
of common occurrence (Phillips 1960).

Plant leaves showed no further height increases beyond
60%0 as salinity was increased during 55-day test
(McMillan and Moseley 1967).

10 50

20 to 35

Salinity range of green tissue survival for two weeks or
more in laboratoty; plants did nor survive at 5%0
salinity for more rhan a few days (McMillan 1974).

Optimum salinity range re~rred for this resrricted
rropical species (Phillips 1960). .

Widgeongrass
Ruppia maritima <28 Flowering and seed formation reported to occur in

Florida at less than 28%0 salinity (Bourn 1935).

33.2 <25

(c~;;rihued)

.81

Maximum field distribution in Florida; flowering and
greatest plant occurrence in areas <25%0 salinity
(Phillips 1960).





Table 5.2.2. Continued from previous page.

Group/species Limits Optimum (%0) Remarks
min. (%0) max. (%0)

Saltmarsh bulrush
Scirpus maritimus (syn. robustw)

Saltgrass
DiJtich/iJ spicata

o

14

5

o

10

32

25

28

Oto5

<26

"4.39:1: 7.0
(n = 24)

8.90:1: 5.30
(n =61)

6.78:1: 3.59
(n = 68)

13.32 :1:6.70
(n = 80)

8.81 :1:4.03
(n = 94)

Results of one-month seed germination tests in laboratoty
using sea salt solutions. Plant material snidiea 'from .
southern California (Zedler and Beare 1986): ,

Seed production greatest at this salinity raJ.ge :ti..ci
submergence period at least six months (50% of year)
Uosselyn 1983).

Good growth of field populations in San Francisco Bay
marshes Uosselyn 1983).

Mean calculated during five-year period (1983 to 1988)
for Guadalupe Delta area, Texas, populations (Pulich
1990).

Overlying water cc>lumn salinity (Chabr~Ck 1972). ,',

Soil water salinity (from Chabreck 1972).

Overlying water salinity (Chabreck 1972).

,Soil water salinity (from Chabreck 1972).

22.6 45.2

Needlerush
juncwromJn'ianus 0 30 0

5 30

30 300

13.89:1: 8.27
(n = 63)

9.20:1: 4.33
(n =70)

Soil salinity calculated from conductivity measurements in
. San Francisco area marsh Uosselyn 1983). Based on 15

mmhos/cm equivalent to 34%0.

Growth (leaf elongation) experiments duting three months
under Mississippi summer greenhouse conditio'ns and
continuouS salinity of overlying water (Eleuterius 1984).

Soil salinity measured in lush, healthy Mississippi field
populations (Eleuterius 1984).

. Soil salinity measured in dwarf plant populations undet
stress (Eleuterius 1984).

Water column salinity (Chabreck 1972).

Soil water salinity from Chabreck (1972) Louisiana coastal
marsh survey.

Common reed
Phragmitts australiJ

Salrwon
BatiJ maritima

o 28

3.33:1: 3.96
(n = 29) .,

3.62:1: 3.68
(n = 35)

4.39:1: 7.0
(n = 24)

23.60:1: 9.97
(n = 23)

10.55:1: 6.38
(n = 16)

(continued)

83

Water column salinity (Chabreck 1972).

Soil water salinity from Chabreck (1972)"Louisiana coastal
marsh survey.

Mean calculated during five-year period for (1983 to

1989) for Guadalupe Delta area, Texas (Pulich 1990).

Overlying water salinity (Chabreck 1972).

Soil salinity (Chabreck 1972).
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Table 5.2.3. Some indicator plants in Texas estuarine submetged communities and tolerance ranges for
environmental fact~rs(Pulich 199,0).

Submerged community

Environmental Water ny~ph Widgeongrass Shoalgrass
f~ctor

Geographic region Delta Delta to lower bay Middle to lower bay,

Salinity regime
Optimum salinity a 0-4 0-25 20 - 40
Salinity range a 0-10 0-60 6 - 60

Water clarity Moderate High Moderate to high

Substrate type Mud to Sandy mud' Muddy sand to sand Muddy sand to sand

Nutrient loading High • Moderate' Low'

Rivet inflow High Moderate Low

a Salinity given in %0.

the soil or overlying w~ter media (Flowers et al. 1977).
Response to salinity, therefore, greatly depends on the
variation in salinity between the 'two environments. '

As previously mentioned, ecological toleranc~ limits
ofestuarine flora will reflect the interaction between combi­
nations ofgrowth factors. Examples ofthe range ofenvir~n-

ments inhabited by submerged and emergent estuarine
communities and their indicator species have been compiled
and compared in Tables 5.2.3 and 5.2.4. 'As these environ­
mental factors, especially hydrologic conditions, change in
various parts ofthe estuary, species composition ofthe plant
community can change according to each species' tolerance
limits and preferred environmental regimes. Usually, spe-

Table 5.2.4. Some indicator species in Texas estuarine marsh communities and tolerance ranges for
environmental factors (Pulich 1990).

Estuarine marsh community

Environmental Arrowhead
factor

Ge?graphic region Delta
bay

Inundation frequency a 90 - 100'

Salinity regime
Optimum salinity b <3
Salinity range b 0-10

Marsh elevation c Low
<0.3

Nutrient loading High

'River' inflow High

Saltmarsh
bulrush

, Delta and upper
bay

<10

1 - 10
0-25

Moderate

Moderate

Needlerush Smooth cordgrass

Delta and upper Upper to lower
bay

<8 15 - 98

1-20 5 - 25
1 - 30 1 - 40

High Low
>0.3 <0.5

Moderate Moderate

Moderate Moderate to '';w

a Percent of the year inundated by tidai action.
b Salinity given in 0/00. '
c Elevation in m relative to mean sea level.

.~ . . . ' -, l .
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An extensive study was conducted on the Guadalupe
Estuary by Childress et al. (1975) for the period 1971 to
1974; this estuary is influenced by inflows from the Guadalupe
and SanAntonio rivers. While the study dealt primarily with
abundance offishery species and relationships to freshwater
inflow parameters such as salinity, turbidity, and nutrient
lo~dings, some information was provided on seasonal status
of vegetated habitats and potential contribution offreshwa­
ter inflow to plant productivity. Significant observations
included the widespread dominance of two classical higher
salinity species, smooth cordgrass and shoalgrass, around

Coastal studies during the 1980's by W. A. White and
colleagues at the Bureau of Economic Geology, University
ofTexas at Austin, provide another basis for a comprehen­
sive, recent inventory ofwetlands in the seven Texas estuar­
ies. Distribution of plant communities was mapped based
on color infrared NASA photography (scale 1:65,000) taken
in November 1979. Six atlases produced by the University
ofTexas project include detailed wetland maps, and discus­
sion ofplant relationships to estuarine zones and hydrologic
regimes (White etal. 1983, 1985, 1986, 1987, 1988, 1989).
The ground truth and species distribution work encom­
passed in these repons constitutes the most accurate descrip.­
tion ofwetland plant associations for the entire Texas coast
to date. However, quantitative analysis ofthe wetlan'd maps
from these reports remains incomplete. A major need exists
to calculate the total acreage of the various wetl~nd habitats
mapped in each estuary for this project. '

in wetland classification techniques, areas ofwetlands listed
by Diener (1975) for the early 1970's cannot be satisfactorily

,compared with the USFWS National Wetland Inventory or
, the TPWD inventory. This illustrates the need to standard­

ize mapping protocols and vegetation classification tech-
,niques in order to perform wetland change analysis. If a'
figure of 242,817 ha (600,000) acres is used from the
TPWD study, coastal marshes in Texas have decreased by
more than 35% between the mid-1950's and mid-1970's.

Plant Distribution and Productivity Studies

cies replacement in a community occurs gradually unless an
episodic event occurs; eventually, an entire community may
be replaced (e.g., salt marsh may displace brackish marsh).
For cenain species to become dominant, favorable inflow
conditions need to occur in a bay system over a s'ubstantial
time period since plants, being immobile, become estab­
lished and proliferate over a season or m~re'(Correll and
Correll 1975; Cowardin et aI. 1979; Zedler 1983). Such
estuarine plant communities thus represent time-integrated
indicators of inflow conditions during longer periods of
several months.

A limited number of baseline studies have verified
species distrib~tion<l;rid wetland community associations for
actuai Texas coastal areas, but none has been as complete or
exten~ive as the model by Chabreck (1972) for Louisiana
wetl~qd.:s. Such data are extremely important for assessing
the effeCts of altered freshwater inflow or other impacts on
vegetated habitats of bays and estuaries.

Mappiitgstudies. Field surveys by the TPWD in the
1960's and early 1970's (McMahan 1966; West 1971,1972,
1973; C. E. Bryan, Coastal Fisheries Division, pers. comm.)
were conducted to map the coastwide distribution of
seagrasses (submerged grassbeds) and coastal marshes. These
maps :';'ere late~ used by' Diener (1975) to compile the

, acr~age figures for,coastal habitats published in his repon. , Production dynamics. Hoese (1960) reponed on the
Lat~r studies by Bent911 et al. (1977, 1979) for the TDWR biotic changes in Mesquite Bay (lower pan of Guadalupe
demo~~trated the application of color infrared aerial pho- Estuary) associated with the end of the most severe drought
tography at a scale of 1:40,000 to map wetland vegetation in Texas history. The flora and fauna of the high salinity
distribution: "Species composition was verified by extensive, period in 1956 to early 1957 were compared with those of
groun4truth. The Benton project examined seasonal changes 'the low saliniry period after heavy rainfall in the spring of
in wetland ~ommunitiesat selected sites in all Texas estuaries 1957. Hoese noted a complete change in the submerged
andp~6duceda, ~eries,ofdetailed vegetation~ community vegetative communities, from shoalgrass [Halodule
maps for th~e:~'f~'as.for t'he miq-1970's. (=Diplanthera) wrightii] during high salinity (26 to 450/00) to

',: I , 'c:,' widgeongrass (Ruppia maritima) during the low-salinity
Th~ U,S. Fish and Wildlife Service (USFWS) Na- post-drought period (0.5 to 180/00). This replacement

tionalWetian'd Inventory Program hasrnapped wetlands in occurred during six months in,1957 and demonstrated the
Texas from 1956 aerial photography. Coastal marsh habitat, significant effect of salinity regimes on regulating popula­
estimated in 1956 at 379,361 ha (937,400 acres) (Shaw and tions of these submerged grasses.
Fredine 1956), serves as a baseline for comparison with two
recent studies. TPWD determined coastal wetlands during
the mid-1970's from Landsat imagery (TPWD 1988). Their
figure of247,576 ha (611,760 acres) is somewhat high due
to inclusion of undifferentiated riCe fields in the area. The
USFWS National Wetland Inventory has initiated, but' riot
completed, an inventory ofcoastal marshes from 1979 color
infrared photography. However, the preliminary ,National
Wetland Inventory Program results for this time period
appear to be significantly lower than the TPWD area above
(USFWS 1987). Neither study delineated submerged veg­
etation. Because ofinconsistencies between various workers
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Table 5.2.5. Elevarion and annual producrion dara for salrmarsh planrs in rhe
Nueces Bay Delra during 1977. Summarized from Henley and Rauschuber
(1978).

Freshwater Inflow-r~latedFactors and Estuarine
Marsh Communities

Tables 5.2.3 and 5.2.41ist the major factors regulating
distribution and abund~~ce of estuarine plants (viz., eleva­
tion, inundation' frequency, saliniry regime, and nutrient.
and sediment loadings). Mechanisms by which these fact~rs

influence plants c~n be c~mp!i~ted wh~n freshwater inflow

In work on the Nueces Delta in the Corpus Christi
area, Henley and Rauschuber (1978) determined zonation
ofvarious marsh plants with respect to elevation and saliniry,
and measured net above-ground primary production. Pro­
duction was monitored during 1977 along transects through
the marsh using methods that sum biomass changes during
different seasons. The productiviry and distribution infor­
mation (Table 5.2.5) was used in conjunction with pub­
lished data to assess effects offreshwater inflow alterations on
plant habitats in N ueces and Corpus Christi bays.

, , '

Comparison of the Henley and Rausc:huber (l978)
data in Table 5.2.5 shows that production ofsmooth
cordgrass in the Nu~ces Delta was relatively low c:om­
pared to, the more salt-tolerant, high-marsh species
such as saltwort, glasswort, sea ox-eye, and Gulf
cordgrass' (Spartina sparlinae). This correlated with

, the wide range of saliniry regimes approaching ,hy­
persaline levels and ser:niarid conditions occurring in
this estuary. Henley and Rauschuber (l978) con­
cl~ded that decreasi'ng inflow from the Nueces'River
~ould increase the frequency ofhigh saliniry in N uece~

Bay compared ,to the historical peri~d 1941 to 1975.
Salinities in the lower bay system, Corpus Christi Bay, were
not predicted to increase proportionately due to the larger
bay volume and mixing with Gulf of Mexico water. The
higher salinities resulting fr~m reduced freshwater inflows
were predicted to affect the Nueces Delta marsh by shifting
the species composition from less tolerant forms (smooth'
cordgrass ~nd bulru;sh) to those more, tolerant of saliniry
(saltwort and glassw'ort). ' ,

Contributions of inundation and salin.ity. Deltaic
marsh inundation was used as a key criterion for evaluating
estuarine productiviry in the previous Bays and Estuaries
Program (TDWR 1982c). The main emphasis, however,
was on transport ofbasic nutrients and organic matter to the
rest of the estuary (i.e., export of deltaic materials). Corre­
lation analysis was used t~ define the freshwater inflow
needed in terms of river inflows at the most downstream
stream gage in the river basins. Streamflows during the
historical period'1941 to 1976 were analyzed and the annual
frequencies ofdeltaic marsh inundation from riverine flood­
ing were calculated. As shown in Table 5.2.6, two to three
annual delta inundation events were computed to be neces-

sary for sustaining productiviryand maintaining suit­
able saliniry regimes in each of the seven Texas estuar­
ies. Table 5.2.6 also contains 'corresponding data 'on
the amount of infl~w to the estuaries required to'

(profluce the inundation and saliniry, regimeS. It is
interesting that, although the absolute amount of
inflow to each estuary varied, the percent of tot~

annual inflow required fqr delta inundation was b~­

tween 56 and 69% for almost all the estuaries. 'How­
ever, cause and effect relationships between environ­
mental factors and wetland vegetational communities
were not addressed in these studies. ' ,

also var~es. A legitimate question is: which of these factors
con'stitutes the p'rimary parameter to key on, if freshwater
inflows to the estuary are to be managed for plant habitat?
To answer this, we need to consider the growth requirements
ofwetland plant species and then correlate plant communiry
dynamics under varying inflows with changes in environ­
mental factors:

554

1,405

1,369

631

1,383
1,160

Producrivity
(gm dty ~a[[er m-2yr- 1)

Elevarion .
(ft' relarive ro mean sea level)

Smoorh cordgrass +0.9

Sea oxeye +2.1

Glassworr +2.2

Saltworr +2.2
+2.7

Gulf cordgrass +2.2

Seashore salrgrass ' +2.3

Annual glassworr +2.9

Shoregrass +2.9

Species

much of the San Antonio Bay shoreline, and the common
reed (Phrag",it;s aU;tralis) in the bracki~hriver delta. During
the study period, the overall bay environment showed an
average ann,ual saliniry in the range of 1.6 to 9.50/00. for the
upper bay: 4.1 to 13.0%0 for the middle bay; and 7.4 to
19.1 %0 for the lower bay. Childress et al. inferred from their
data that a major decrease in the quantiry or timing of
freshwater inflows from an annual gaged minimum of 1.6
million acre-ft would cause amajor alteration in the estuary's
ecology.
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Table 5.2.6. Inflow statistics for delta and upper estuary ~f seven majo; Texas river' drainages based on' 1941 to' 1976 hisrorical records
(TDWR 1982c). ' . '

Seasonal salinity regime in upper estuary (o/oo)

Basin

Median
annual delta.
inundations Jan-Mar Apr-Jun Jul-Sepr Oct-Dec

Annual inflow'
(106 acre-ft)

for delta
inundation ,

Percenr
annual inflow

needed for
inundation

Sabine-Neches 3

Lavaca-Colorado 3

Guadalupe 3

Trinity-San Jacinto 3

,
10.0 3.5 12.0 9.3 5.68

10,0 3.0: 11.5 8.8 3.17 61

12.3 9.0 13.7 11.8 0.35 57

18.3 13.3 18.3 17.6 1.24 69

15,3 12.7 15.7 . 14.0 0.015 18

26.0 16.0 16.0 19.3 0.356 62

40.0 34.0 35.0 34.7 0.177 56

2

Mission-Aransas

Laguna Madre

Nueces

}nundation frequency and water budget ofthe estu­
ary. Relationships ofphysical factors (including climate and
geomorphology) to estuarine vegetation distribution were
analyzed by Deegan et al. (i 986) for GulfofMexico (includ­
ing Texas) estuaries. This study concluded that the types and
areal extents ofvegetated habitats were directly related to the
intertidal area and the watet budget ofthe estuary. Intertidal
area ~as d~termined by oceanic tidal range and geomorphol­
ogy ofthe shoreline area, while water budget was controlled
by climate and freshwater input. The study distinguished
between the 'effects of rainfall and river flow for providing
freshwater iIi'~~t. For emergent marsh systems, Deegan et al.
concluded that areal extent was directly dependent on rain­
fall, a~d not river discharge. Regardless of the freshwater
source, however, freshwater input was a major prerequisite
f~rmarsh production in all estuaries.
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Figure 5.2.1. Water level record for upper San Anronio Bay near Seadrift
during 1988. Elevations ofplant associarions ar Guadalupe Delta srudy sires
are superimposed on rhe daily mean ridal heighr. RUP = shallow Ruppia;

SPA 1 =deepwarer Spartina alternif/ora; PHRGM =deepwarer Phragmitts

australis; SPA 2 =upper Sp. alt~rnif/ora; SM/P =deepwarer Scirpus maritimus­
Spartina patms.

Pulich (I 990) reviewed available data for San Antonio
Bay and' concluded that inundation frequency (i.e.,
hydroperiod) was the fundamental prerequisite for mainte­
nance of aquatic plant communities. The exact species
composition ofthe communities in turn varied with fluctua­
tions in salinity and probably nutrient regimes of the flood
waters. While saltwater-tolerant, euryhaline species such as
smooth 'cordgrass orglasswort found in the middle and lower
estuary received adequare inundation from daily tidal fluc­
tuations, the brackish species in the upper bay and (;uadalupe
Delta areas (e.g., comm~n reed, bulrush, and marsh~hay'
cordgrass) showed stringent requirements for inundation
with low-salinity waters (Figure 5.2.1). The actual inunda- ,
tion duration experienced by the c6mmon reed, which'
occurs at the lowest elevation of0.5 m (I.7 ft.), was 2 to 32% .
per year. The imindation duration for bulrush and marsh

hay cordgrass, which occur at a higher elevation of1.1 m (3.6
ft.), ~as only 1 to 10% per year (Figure 5.2.1). The
appropriate water levels in these °river delta communities
were maintained primarily by seasonal inflow events in
conjunction with spring and early fall high tidal stands.
Unless suitable hydric soils were produced by riverine floOd­
ing at these critical times, moisture requirements of these
brackish water plantswould not be satisfied and the plant~

would eventually undergo desiccation. .

Normally, salinity is at low leve.ls (0 to 100/00) in waters
surrounding die pelta region when' thi~ seasonal flooding
occurs (Pulich 1990). This is due to the prevailing pattern
ofhigh precipitatio~duringspringand fall.months in coastal
Texas.. If low inflows ar,e occurririg in the estuary due to ,
drought, excessive upstream impoundment, or large with-
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·drawals ofriver water, then salinity in the upper estuary may
be inordinately high (gr~at~r than 10%0 to as high as 300/00).
When inundation of the delta 'occurs at these times, these
saline wat~rsrriay spread into normally brackish or freshwa~
ter areas. As soils dehydrate, .soil salinity will build up,
subje~tirigth~salt-sensitive marshplants to osmo~icstress. If
flushing by ~ainfafl runoffdoes not subsequently occur, the
dry, saline soils will.becom~ unfavo~able for brackish 'or
freshwater 'marsh vegetation. Eventually, these drier areas
may be colonized by. high (distal) saltmarsh (e.g., Gulf
cordgr:iSs) or even upland, semi-terrestrial species such ~
groundsel bush (Baccharis) or salt cedar (Tamarix).

Marshes andsedimentdeposition. The dependence of
estuarine marshes on continuous nourishment by riverbome
sediments to mai~tain their elevation, and consequently
their. productivity, has been variously discussed by Shepard
and Moore (1960); Redfield (1972), White and Monon
(1987), and White and Calnan (1990a, 1990b). Generally,
the concepts in'volved should be considered in a long-term
historical time frame and from a geological perspective. The
mechanisms and scenarios by which freshwater inflows
contribute to sedimentary accretion in Texas estuaries, pri­
marily in the river delta areas, are de~~ribed at length in
Section 4.4. .

Sedimentdepositional processes appear especially criti­
cal to marsh areas experiencing erosion or relative rise in sea
level. from subsidence. Disturbance of these processes is
suggested as the cause ofcurrent extensive loSs of fresh and
brackish marshes in Louisiana (Gagliano et al. 1981). and
along the upper Texas coast in the Sabine-Neches' and
Trinity-San Jacinto estuaries (White and Calnan 1990b). In
addition, White and Calnan (1990a) have discussed hi~tori­

cal losses of emergent wetlands in the Nueces, Guadalupe,
and lavaCa river deltas of the central coast in relation to
supply of sediment from upstream sources ~nd the possible
contribution of upstream reservoirs to this problem.

While subsidence or erosion may be the ultimate
causes of such wetland loss, the corresponding caUSes of
subsidence and/or ero~ion are often diffk~lt to establish and
rela~e to' freshwater inflows. High rates ofsubsidence in the
Houston area during the 1960's' and 1970's have been
attributed primarily to extensive rerri~val of ground fluids
(viz., petrol~um and groundwater) ~ccording to Swanson
and Thurlow (1973) and Gabrysch (1984). Such factors
that contribu~e tc; compactional subsi~ence in. estu~ries
must be differentiated from loss of sediments due to de­
creased loads in freshwater inflows. Suffice it. to say that; as
subsidence and erosion processeS increase, stress effects on
wetlandvegetation will intensify. The'primary results will be
exposure 'of fresh or brackish marshes to higher ~alinity

waters as a result ofsaltwater intrusion, and submergence o'f

marshes as they are exposed to consistently longer inunda­
tion periods or more frequent flooding;

Saltwater intrusion processes may also be aggravated
by canals and channels constructed in estuarine areas. These
structures allow for rapid exchange of saltwater into the
interior ofcoastal, low-salinity marshes. Reduced freshwat~r

inflow may reverse the hydraulic head of fresh water within
delta areas, such that seawater flows faster into the freshwater
interior via channels. Sllch channelization h-as exacerbated
the loss of 10w-s:Jinity marshes in Louisiana (Salinas et al.
1986). .

Submerged Vascular Vegetation and Freshwater
IriBows

Species ofsubmerged vascular plants occupy different
zones of Texas estuaries depending on salinity tolerance
limits and light requirements. From Table 5.2.3, three
distinct groups of these plants are evident (Pulich i 990).
The first includes the marine seagrasses such as shoalgrass
and tuttlegrass (Thalassia testudinum), which are obligate
halophytes and, with one e~ception, the most salt-tolerant
submerged species. They are restricted to estuarine regions
with salinity regimes of 200/00 or higher average annual
salinity.

The second group consists ofwidgeongrass, a euryha­
line species that is known to thrive in waters over a wide
range of salinities, from low oligohaline to hypersaline
conditions (Phillips 1960; Den Hattog 1970; Pulich 1980,
1985). Pulich (1985) documented the growth dynamics of
this species in a monotypic grassbed in Laguna Madre from
salinities between 31 and 48 ppt. Dunton (1990>' also
substantiated the lack ofa direct salinity effect on leafgrowth
of widgeongrass ,from in situ studies in San Antonio and
Corpus Christi Bays. Over the salinity range from 0 to 380/00,
he observed no significant correlation (P > 0.05) between
widgeongrass shoot production rates and bay water salinities
or dissolved inorganic nitrogen: Den Hartog (1 ?70) has
concluded thatwidgeongrass is supplanted byother seagrasses
under these high sali~ityregimes due mainly to its inability
to compete' with them. In a recent study,' competitive
iriteraction between widge~ngrass and shoalgrass in moder­
ate or higher salinity w~ters was ~ttributed to sediment
nutritional factors and seas0!1al competition (Pulich 1989).
This widgeongrass generally persists as the dominant species
in .Texas seagrass beds only where water column salinity
averages less than 250/00 during the growing season.

The true freshwater species form a third group that
can tolerate only low-brackish salinity environments. Repre­
'sentative of such oligohalin~ species; the water nymph
(Najasguadalupensis) sometimes dominates in the river delta
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regi~niofTexas estuaries; ifaverage salinities remain at less
than 40/00 during the spring and summer.

Sunlight is attenUated (i.e., decreased) through the
water' column due to absorption, reflection, and sc3.trering
from suspended sediments, plankton, microorganisms, 'and

Studies indicate that light saturation of shoalgrass
photosynthesis occurs at a fairly high level, around 10 to
15% of full summer sunlight (Beer and Waisel 1979; Wil­
liams and McRoy 1982). Shoalgrass light requirements ~re

significantly higher than those of other aquatic plants i~­

cluding phytoplankton and benthic algae (0.5 to 3.0%) of
terrestrial plants from shade environments (0~5 to 2.0%)
(Stevenson 1988). These high light levels occur in shallow
waters down to depths ofonly 0.3 to 0.6 m (1 to 2 ft) in most
Texas bays (Pulich 1980; Dunton 1989, 1990). The light
levels reflect the normally high turbidity which varies both
seasonally and geographically throughout estuaries (Pulich
and White 1989; Pulich 1990). Dunton (1989) demon­
strated the overriding influeIice ofunderwater light regimes
to the limitation ofwidgeongrass and shoalgrass production
in both San Antonio and Nueces estuaries. Figure 5.2.2
compareS the dramatic differences in water column irradi­
ance berween the two estuaries. Higher underwater light
levels in Nueces Bay (Indian Point) compared to San Anto­
nio Bay (Seadrift) directly correlate with the seasonal differ­
ences observed in productivity ofwidgeongrass. Regression
analysis on Dunton's data gave a correlation coefficient (R
value) of0.686 (P = 0.01) between shoot growth rate and the
mean, maximum daily underwater irradiance during the·
shoot growth period.

There is some indication that light requirements for
seagrass leaf photosynthesis are in fact different from light
requirements for sustained whole plant growth. Recently,
Duane (1991) compiled data on minimal light require­
ments ofGulfofMexico seagrasses which were based on the
maximum reponed depth limits for their survival. Values
ranged from 8.2% light (0.7 m depth) for widgeongrass,
15.3% light (7.5 m depth) for turtlegrass, 17.2% light (1.9
m depth) for shoalgrass, 19.2% light (16.5 m depth) for
manateegraSs, to 23.7% light (14.4 m depth) for clovergrass
(Ha/ophila). It is apparent that, although widgeongrass does
not survive in waters as deep as shoalgrass can (0.7 m vs. 1.9
m depth), widgeongrass still does not have as large a minimal
light requirement as the latrer. Those relationships probably
reflect differences between species in root tolerance to sedi­
ment factors or in respiratory capacity (Pulich 1989).

detritus panicles. Taken together, these materials comprise'
turbidity, or the amount of suspendedpaniculate matre~:

Where turbidity is high, light transmitrance (i.e., water
clarity) is low (Levinton 1982). Usually, turbidity is highest
in an estuary where riverine discharges containing'sus­
pended particulate loads meet and mix with tidal currents
(e.g., in the upper estuary) (Kennish 1986). Most Texas
estuarine waters experience fairly turbid conditions due'to
the predominantly muddy bay sediments and prevailing
strong southeasterly winds (Shepard and Moore 1960).
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Underwater light requirements. Seagrasses and
oligohaline submerged vegetation, unlike emergent plants,
must cope with another limiting factor, water clarity (Table
5.2.3). Because of their growth requirement for continuous
submergence in estuarine waters (Figure 5.2.1), production
of these rooted plants is critically dependent on the amount
of available sunlight transmitred through the water. Thus,
growth occurs only at those shallow depths, usu~ly around
the bay shoreline, where water clarity is sufficient for photo­
synthesis and other light-driven plant processes.

"."

Figure 5..2.2. Rd~~ionshipbetween shoot production rate ofwidgeongrass

"(Ruppitl mariti'1U') ,and corresponding underwater quanium irradiance

regimes (in jillinsteins) found at study sites in rwo south Texas bays.

Seadrift is in upper San Antonio Bay, while Indian Point divides Nueces

and upper CorpuS;~~tistibays. Data f~~mpunton.(l989).

,:":.,' . ,,~':.."f..~•..~~,'~""\~:'~'?"':" ...."'.' ,.,~l~/.~ ... ,!".' .;,:~ J:~'l .... .'", . ~ .

90



Substrate requirements. Water clarity often influ­
ences submerged vegetation production in combination
with substrate stability. The herbaceous roots ofsubmerged
vegetation function in n~tri~nt absorption and anchoring of
plants on preferred muddy to fine sand sediments. This
physical requi!ement .is ma!1ifested by the occurrence of
plants in shallow, relatively protected waters on muddy to
sandy sediments (Pulich 1989, 1990). If wave energy or
water currents are excessive, these softhottom sediments can
be eroded and resuspended. Resuspensionleads to high~r
turbidity and physical uprooting or burial of plants.. Sin'~e
delta and upper estuary regionsoften have highly unconsoli­
dated sed.iments around the baymargins (White and Motton
1987), submerged vegetation in these regions is particularly
sensitive to high inflows and currents that produce turbidity
and shifting bay-bottom topography. The bay margins in
the middle and lower parts of the estuary, conversely, nor­
mally have sandier sediments with less mud, lJlaking them
less susceptible to erosion or resuspension. This provides a
stable substrate where submerged vegetation can establish
permanent dense meadows.

Coastwide distribution ofsubmergedvegetation. The
environmental tolerance limits for submerged vegetation act
in concert to control the coastwide distribution patterns,
especially for shoalgrass and turtlegrass. The decreasing

, abundance ofseagrasses going northward i~ Texas estuaries
(Diener 1975) best reflects the combined lower salinity,
higher turbidity, and slightly cooler temperature regimes
existing on the upper coast compared to the lower coast.
Monthly mean salinity records shown in Figure 4.1.17
indicate that Sabine, Trinity, East Bay, Upper Matagorda,
and Lavaca bays have experienced monthly salinities consis­
tently less than 200/00 during the 20-year period 1968 to
1987. These oligohaline to mesohaline salinities, superim­
posed on an overall cooler temperature regime, pose unfa­
vorable conditions that prevent the subtropical seagrass
species from becoming established in these areas. Con­
versely, the salinities are too high to support any ftesh-to­
brackish water species except widgeongrass. Thus,
widgeongrass is the only species capable ofsurviving in these
bay areas. Its distribution often appears limited by habitat
requirements including sediment organic properties and
hydrodynamic regimes (Pulich 1989; Dunton 1990).

Impaas in the Trinity-San Jacinto Estuary. The
Trinity-San Jacinto Estuary presents an interesting case
study of changes in submerged vegetative habitat. Pulich
and White (1989), examined the chron,ology of sl;lbmerged
vegetation decline since 1958 for both Trini1:yand West bays
and correlated this with corresponding impacts from physi­
cal processes. They concluded that water column salinity
and turbidity changes probably had not directly caused
widgeongrass in Trinity Bay and shoalgrass in West Bay to

disappear between 1958 and the early 1980's. Rath~r, other
factors unrelated to freshwater inflows were hypothesized to
be responsible for the v~getation losses: human-induced
land subsidence and relative sea-level rise; sediment,erosion
and wave, energy during' Hurricane Carla in 1961; and
dredging, nutrient:loading, and toxin input from onshore'
developments. ThuS, cllanges in estuarine wetlands must
carefully distinguish between effects of altered freshwater
inflows and effects ,of oth~r ~oastal processes.

Epiphyteeffects. Epiphyte populations and macroalgae
(seaweeds) representa ~ajor non-vascular plant component
of submerged vege~ative habitat. Epiphytic algae, which
grows attached to submerged structures like seagrass leaves,
is a highly nutritious and preferred food for herbi~orous fish
and crustaceans.in the bays. Dunton (1989) showed that
they contribute 30 to 80% of the total ,biomass of seagrass
beds in San Antonio and C~rpus Christi bays.

. ~. ,

Although serving as quality food and habitat in estu~~
rine sYstems, epiphytes themselves reduce the undetwater
light available for submerged vascular plants by covering and
fouling, the leaf surfaces. Water conditions that enhance
production of epiphytes would conc~lfrently inhibit sub­
merged vegetation production through this shading effect
(Sand-Jensen 1977; Pulich 1980), Results from Dunton
(1990) suggest that the presence of poSsibly more noxious,
green algal epiphyte populations may have contributed to
less widgeongrass productivity in ~an Antonio Bay than in
Corpus Christ,i Bay. Under the lower salinity and higher
(reshwat~r inflow regimes, diatoms and green algae
(Cadophora and Entero"!orpha) overgre~. the widgeongrass
leaves and formed floating mats in San Antonio Bay. In the
higher salinity and lower inflows of Corpus Christi Bay,
green algae were notice;bly absent and epiphyte~ consisted
mainly of red algae (Polysiphonia and Gracilaria ) and
diatoms. In this case, widgeongrass productivity was not as
greatlY,affected by sha~ing. Further analysis is necessary to
clarify these relationships between fteshwater inflow, nutfl­
~nt loading, epiphyte a~un,dance, and submerged vegetation
production. , .

Conclusions

,Texas est,uaries 'have evolved characteristic vascular
plant communities in accordance with the decreasing gradi­
ent in preci'pitation from north to south that controls
freshwater infl()ws. Thedomi~ance of habitat types reflects
the combined influence ofbasic physical and hydrological
parametqs, including coastline geomorp,hology, inunda­
rion and salin.ity regimes, and nutrient loading. Freshwater
inflows ~pera{e through these different factors to affect pl.ant
production depending on the habitat type. Effects ofaltered
freshwater inflow on estuarine plant communities reflect the
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irdwth requirements and environmental tolerance limits of
the individual species present. In any parti'cular bay, species
c~mposition of vascular plant communities changes in re~

sponse to moderately long periods of altered freshwater
inflow, ~ormally a minimum growing season of several
months. Thus, vegetation communities integrate salinity,
nutrient; and sedimentation processes over time.

While many saltmarsh plants and true seagrasses have
fairly high salinity tolerances (from less than 10 to 360/(0),
most brackish marsh and submerged vegetative communi­
ties in the upper estuary and delta regions show critical
dependence on low-salinity (i.e., oligohaline to mesohaline)
conditions. Consequently, the basic moisture requirements
of these' upper-bay aquatic plants must be satisfied by
inundation with low-salinity waters (0 to 100/(0) during
freshwater inflow events. On the average, three to four delta
inundations have occurred each year during the last 40-year
period to provide these conditions in estuaries of the upper
and central Texas coast. Middle- to lower-bay marshes
containi~g smooth cordgrass receive sufficient saltwater
from daily to seasonal tidal inundations. For all emergent
marshes, these inundations also provide nutrients, organic
matter (detritus), and sediments' to stimulate the plant
communities; however, little information is available docu­
menting combined effects ofthese three factors on interspe­
cific plant ~ompetitionprocesses.

Submerged'vegetation in most of the estuary except
the delta is tolerant ofa wide range ofsalinities, from about
5 to 360/00. This is exemplified by the dynamic interaction
between widgeongrass and shoalgrass, whereby one species
can replace the other depending on prolonged salinity re­
gimes. The 200/00 isohaline seems to control distribution of
the two species. Delta brackish submerged vegetation is
effectively restriCted to salinities of less than 40/00. The
overriding factors that 'affect the density (as. distinct from
distribution) of submerged vegetation are turbidity and
nutrient loadi'ng offreshwater irtflow. These factors control
underWater light availability and epiphyte populations. Sub­
merged vegetation demonstrates minimum requirements
for light levels generally found only in shallow zones ofTexas
bays. Freshwater inflow may exacerbate turbidity levels in
the estuary by contributing discharges with high suspended
particulate loads. Input ofhigh dissolved nutrient loads may
also lead to production of excessive phytoplankton blooms
or .iJ.g'al epiphytes on submerged vegetation leaves, which
decreases vascular plant productivity through leaf shading
and ·fouling. However, additional information is neceSsary
to predict submerged vegetation responses to combiited
effects of turbidity and nutrient components of freshwater
inflows. . .
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. In addition to altering estuarine water budgets and
salinity regimes, reservoirs and upstream diversions of fresh
water reduce the loading ofsediment and organic matter to
estuaries. These reductions can lead to submergence and
permanent loss ofvegetative habitat. Without depositi6~~f
riverborne sediments and upland, detrital material, co~t~
wetlands may be deprived of the proper substrata and
elevations with respect to sea level. While these fact~rs

normally affect long-term maintenance ofthe wetland com­
munities, their deprivation may become noticeable' ove~
relatively short time periods in areas where land subsidence
or coastal erosion also are occurring. Upper Texas coast
brackish marshes in patticular show serious stress and dete~

rioration from deficiency ofthese components offr~shwat~r
inflows. <,

5.3 INFLUENCE OF FRESHWATER INFLOW ON
ZOOPLANKTON

Introduction

Chart«teristics of zooplankton. Zooplankton are
microscopic animals ranging in size from 0.02 to 2 mm
(0.0008 to 0.08 inches). They are weak swimmers, largely
transported by currents in their environment. Somezoop­
lankton (holoplankton) spend their entire life cycle as mem­
bers of the plankton, remaining within the size range'de­
scribed above. Other species are temporary' residents
(meroplankton), spending only part oftheir life cycle ~e~
and larvae in the zooplankton, and then leaving to scttl<;' as
benthic organisms or to develop and grow into much iarg~'r

animals such as fish and shellfish.

Role ofzooplankton in estuaries. In most aquatic
systems, zooplankton are the principal consumers ofcarbon
fixed in the aquatic environment by phytoplankto~; they
also feed on microorganisms, other zooplankton, and or­
ganic matter imported from adjacent terrestrial or aquatic
habitats. As part of the food chain, they are preyed on by
larger zooplankton as well as by larval and small fish and
invertebrates (Govoni et al. 1983; Minello et al. 1987; Steele
1974). Zooplankton provide an essential link in the transf~r

of food energy from organic matter that is imported or
prod~ced in the estuary to sport and commercial species.
Thus, they can be considered to be one form ofestuarine life
on whi~h fish and shellfish are dependent.

Sizegroups. Zooplankton can be divided into two size
groups: microzc;>oplankton are 0.02 to 0.2 mm (0.0008 to
0.008 in~hes), and macrozooplankton are 0.2 to '2 mm
(0.008 to 0.08 inches). While this division is somewhat
arbitrary, determined by the mesh size of collecting nets, it
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is a convenient partition since some macrozooplankton may
feed on microwoplankton~ .

Generation time. One further complication to simple
comparison of woplankton data is the generation time of
woplankton. The life cycle of macrowoplankton is mea­
sured in weeks or months; the life cycle ofmicrowoplankton
is measured in hours,or days. When the generation time
scale is of the same order of magnitude as the. duration of
major freshwater inflow events, it can be difficult to assess
the effect the inflow has on woplankton populations since
they may respond rapidly through reproduction to increased
levels of food and decreased predation. '

Inflow effects. Zooplankton can be affected by changes
in the environment brought about by freshwater inflow
variations. Direct effects include physiological adaptation to
temperature and salinity alterations; most estuarine wop­
lankton are remarkably euryhaline. Because they are so
small, woplankton are swept with the currents and their
distribution can be influenced by large freshwater inflow
volumes. Indirectly, woplankton may be affected by in-

Wind-driven turbulence that resuspends the bottom
sediment may reduce differences in abundance between day
and night zooplankton samples. Night data are more
representative of the total abundance of woplankton, b'ut
most of the historical data were collected during the day.
There is little information about mixing conditions th\l~

could be use~ to screen the data so that well-mixed da~imt:

samples could be identified. In analyzing day abundance 9r
biomass, the additional variation due to zooplankton diur­
nal migration increases the difficulty ofdrawing conclusions
about small· differences. Since the bulk of the data ,were
collected during the day, it must be used for analysis ev~n

with the additional soutce ofvariation. Abundance data tqat
are discussed in the rest of this section are based on day
samples. .

Buskey's (1989) data from two stations in the
Guadalupe Estuaryalso showed night abundance was greater
than day abundance (geometric means of9,396 versus 2,239
individuals/m3); the difference was statistically significant
(three-factor ANaYA; F =9.39; df= 1,20; P < O.OI). Night
biomass was 3.37 to 9.49 times the day biomass at the two
stations where measurements were taken.

conditions and. predation. Many macrowoplankton.are
stroI1g diurnal migrators that move into the water coiUl~J.n ~t

night from the bottom sediments. Buskey (1989) found
higher macrozooplankton abundances from night sample~
than ftom day samples in the Nueces Estuary. Using log­
transformed abundance data, the geometric means of the
night and day abundances were 9,720 and 4,047 individu­
als/m3; the difference was statistically sig~ificant (three­
factor ANaVA; F = 7.21; df = 1,44; P < 0.05). Night
biomass was .1.76 to ~.78 times the day biomass.
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Biomass, the dry weight ofwoplankton per m3, is less
frequently reported than stau'ding crop. It is useful in
evaluating food webs in estuaries since dry weight can be
converted to a carbon basis to evaluate the flow of energy
from plants and algae to higher trophic levels. .

Day-nightdifferences. While zooplankton are present
throughout an estuary, the abundance ofvarious species may
differ from place to place in response to local environmental

6/65 12/65
Date

Figure 5.3.1. Displacemenr of zooplankron by river flows. Top panel
shows abundance and percenr freshwarer species at station 45-1 in the
Lavaca River Gones et al. 1986). The middle panel shows abundance and
percent freshwater species at station 85-1 in Lavaca Bay. The lower panel
shows the monthly combined inflow from the Lavaca River and ungaged
watershed through which the river flows. See Figure 5.3.4 for station
locations:

Typical measurements ofzooplankton. Traditionally,
woplankton have been laboriously identified and counted,
and the standing crop reported as number ofindividuals per
m3. Sometimes the totals for macrowoplankton are divided
into broad taxonomic groups such as copepods, barnacle
larvae, and decapod larvae. This is useful in identifYing
major abundance changes that may be due to reproductive
activities of a few species. A single species of copepod,
Acartia tonsa, and barnacle larvae often comprise 70 to 85%
of the macrowoplankton standing crop in Texas estuaries.
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creases in phytoplankton 'due to nutrient input with large
inflows, or decreases· in phytoplankton due to turbidity:
associated with inflows. . \

the composition and abundance of zooplankton popula­
tions in ,the delta are strongly influenced by freshwater
inflow.

Figure 5.3.3. Seasonal average zooplankton abundance for delta and'bay
stations from Gilmore et al. (1976). The abundance values ate geomettic
means of the groups.

Environmental Influences on Microzoop1ankton
Abundance

Abundance and biomass. Buskey (1989) co~pared

the abundance and biomass of microzooplankton at four
stations along the lengrhs of the Nueces and Guadalupe
estuaries. The stations were roughly comparable with re­
spect to their distance from the river mouths. Inflow during
the year ofsampling in the N ueces Estuary was very low, b~t
inflow during the Guadalupe sampling period was extremely
high, especially in June. Average inicroiooplankton abun­
dance and biomass at the station 'closest to the river'mouth
was slightly higher for the N ueces Estuary than for the
Guadalupe Esttiary, but abundance and biomass was'higher
i~ the Guadalupe Estuary than in the Nueces Estuary for all
the other stations. None of the differences were statisti~\y
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A second station was located in mid-Lavaca Bay,
within the influence of the river plume. The effect of large
freshwater inflows on salinity at this station during late
winter and early spring of1985 was much smaller than at the
fresher Lavaca River station. Large freshwater inflows re­
duced the salinity at this station to 1.80/00 in April 1985, but
salinities during the other sampling periods of this study .
(November 1984 through August 1986) varied from 3.7 to
23.90/00, a range that is representative of Lavaca Bay condi­
tions during the past 20 years.. The abundance offteshwater
species remained close to or at zero (Figure 5,3.1), while the
arithmetic mean abundance ofall macrozooplankton during
the cwo-year study was 4128 ± 3612 individuals/m3. Mean
abundance at this estuarine location was more than five
times higher than at the fresher Lavaca River station, and the
abundance pattern did not vary consistently with inflow
events. At the time of very high inflows in April 1985
(resulting in low macrozooplankton abundance in the Lavaca'
River), Lavaca Bay macrozooplankton populations increased
to more than 14,000 individuals/m3.
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Effects of High Inflows on Zooplankton

Figure 5.3.2. Zooplankron sample sites for the Lavaca River and Lavaca
Bay from Gilmore,et aI. (1976).

Reductions in zooplankton abundance that occur'
after large inflow events have been interpreted as resulting
from physical displacem~nt of the organisms by the large
volume ofinflowing water (Holland et al. 1975; Gilmore et
al. 1976; Kalke 1981; Jones et al. 1986; Armstrong 1987;
Buskey 1989). This process is recognized by zooplankton
experts and is included in recent models of zooplankton
population dynamics (Gaedke 1990). Estuarine zooplank­
ton may be replaced by freshwater species that persist until
the salinity of the water increases and the freshwater species
die from osmotic effects or predation, or the estuarine
zooplankton return in high numbers. Macrozooplankton

. population changes with time and inflow are shown for cwo
locations in the Lavaca-Colorado Estuaty (Figure 5.3.1).
The Lavaca River station within the delta is located about 11
km (6.8 mi) from the mouth of the river into the bay and 8
km (5 mi) below Lake Texana O<:>nes et al. 1986). Large
freshwater inflows occurred in October 1984, January
through April 1985, November 1985, and June 1986.
Except for April 1985, the salinity ofthe water at this station
was less than 10/00 from January through July.' Abundance
dropped in April 1985 and then remained low throughout
the rest ofthe study; the arithmetic mean abundance during
the cwo-year period was 715 ± 1,051 individuals/m3. Dur­
ing theJanuary toJuly period and after other periods ofhigh
inflow, freshwater species constituted 60 to' 99% of the
macrozooplankton. When the inflow returned to lower
levels, salinities ranged from 3.3 to 13.40/00 and the abun­
dance offreshwater species decreased to zero. It is c!ear that
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Figure 5.3.5. Seasonal average zooplankton abundance for delta and bay
stations from Jones et at. (1986). The abundance values are geometric
means of the groups. ..
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Environmental Influences o~ Macrozooplankton
Abundance '

Zooplankton data sources and analytical methfJds."
Standing crop, the number of organisms present in a,cubic..
meter of water, is the abundance measurement most often
repotted in zooplankton studies ofestuaries. Holland et al. ,
(1973, 1974, and 1975), Matthews et aI. (1975), and
Gilmore et al. (1976) collected macrozooplankton in the,
1970's in the Nueces and Guadalupe estuaries, and in Lavaca
Bay and the Lavaca Delta. Armstrong (1987) reviewed these
and a few other macrozooplankton studies in a profile of the
ecology ofopen-bay bottoms in Texas. The studies covered
periods oftime ranging from one to nearly three years. More
recent studies by Jones et al. (I986) and Buskey (1989)
resampled the Lavaca Baysystem (Lavaca, Keller, and Choco­
late bays), the Guadalupe Estuary, and the Nueces Estuary
a decade later, under different inflow regimes. Study dura­
tion, station location, and sampling ftequency differed sub­
stantially in each of the six studies. The collecting gear was
similar (plankton nets with'153 !Jrn mesh) for all studies, so
statistical analyses and comparisons of the abundance data
were possible.

For each estuary, station location and sampling fre­
quency were different for each pair ofstudies. By using data
from selected stations in comparable areas ofthe estuary and
grouping the data by season, abundance among seasons and
station locations could be compared. Since some data sets

Microzooplankton ,biomass compared to
macrozooplankton. Buskey found that microzooplankton
abundance in Texas estuaries (30 to 60 million/m3) was 10
to 100 times as great as in several other shallow marine
environments. A recent study ofciliates in Chesapeake Bay
(Dolan and Coats 1990) found ciliate densities slightly
lower than Buskey's study, 1.8 to 17.2 million individuals/
m3. The biomass ofmicrozooplankton was about the same
or slightly greater than the biomass ofmacrowoplankton in
the Guadalupe and N ueces estuaries. This is consistent with
the size fractions of phytoplankton measured by Stockwell
(1989) in the Nueces Estuary. Microzooplankton graze on,
nanophytoplankton, which are less than 0.02 mm (0.0008
inches) in diameter. The latter provide the majoriry (85%)
of the phytoplankton photosynthesis and standing crop in
the Nueces Estuary (Stockwell 1989). No phytoplankton
size measurements are available from other Texas estuaries.
The nanophytoplankton-to-microzooplankton food web
energy transfer may be the major pathway between photo­
synthesis and higher trophic levels. It is difficult to say what
this means to productiviry in Texas estuaries since the studies
by Buskey and Stockwell are the first for Texas bays th~t have
measured the different size fractions in the phytoplankton .
and zooplankton communities.

603-1 65-2 613-1 ~ 85-1 1505"1 1905-1
Lavaca Delta Venado Ck. Lavaca "Bay" '

, . ;~ . ! ' . '.

45.1

Figure 5.3.4. Zooplankton sample sites for the Lavaca River and Lavaca
Bay from Jones et at. (1986).

significant, however. Average abundance ranged from 28.9
to 60.8 million individuals/m3, and average biomass ranged
from 24.6 to 207.2 mg/m3.

Microzooplankton abundance peaks. Buskey (1989)
sampled the microzooplankton in the N ueces Estuary about
'every two weeks and observed several abundance peaks in the
range of 80 to 400 million individuals/m3. These abun­
dance peaks were unrelated to inflow since the estuary
received very little fresh water during the study. In San
Antonio Bay, Buskey took samples only six times during the
year. The abundance ~f microzooplankton increased after
several months ofhigher-than-average inflows in the spring.
The highest population densities coincided with the period
of extreme high inflow in June of 1987; at some stations,
abundance was more than 100 million individuals/m3.
Buskey noted that single-celled tintinnids, which are ciliated
protozoans, dominated the microwoplankton at this time.
He favored the hypothesis that the high freshwater inflows
stimulated tintinnid population growth. Generation time
for tintinnids is measured in hours or days, so they may
reproduce rapidly under favorable conditions.
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Figure 5.3.7. Seasonal average zooplankton abundance for the Guadalupe
Estuary from Matthews et al. (1975). The abundance values are geometric
means of the groups. '
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Figure 5.3.6. Zooplankton sample sires for the Guadalupe Esruaty"from
Matthews et al. (1975) and Buskey (1989). Stations 243-4. 274-5. 287­
2.291-4. and 294-2 are from Matthews et al.. while A. B. C. and 0 are
from the Buskey study.

the Lavaca Delta, one stationat the m~uthoNeriado Creek,
and one station in upper Lavaca Bay were sampled during
the entire period (Figure 5.3.4). Two other stations' in
Lavaca Bay (1505,and 1905)were sampled at least once each
season during the second year of the study.

At both the delta and bay sites, abundance was signifi­
cantly related to season. In Lavaca Bay, winter and spring
aburidances were' similar, but were significantly higher than
summer and fall abundances (Scheffe F-test; df = 243; P <

0.05). The ,seasonal pattern was essentially the same for the
delta stati~ns. '

LavacaDeltaandLavacaBay, 1973 to 1975. Gilmore
et al. (1976) sampled zooplankton at nine sites in the Lavaca
Delta and in Lavaca Bay (Figure 5.3.2). Sampling began in
September 1973 and contiriued through June of 1975. The
sampling period was long enough to include two different
fall, winter, and spring'seasons, but only one summer season,
in 1974. When all ofthe Gilmore et al. abundance data were
analyzed, ii: was clear that the effects ofstation location were
statistically significant (two-faeror ANOVA; F = 51.2; df =

8,324; P < 0.001). Differences among stations were tested
and the stations fell into two groups, delta stations (600-2,
65-2, and 617-2 in Figure 5.3.6) and bay stations (85-2, 90­
1; 115-1, 143-2, 150-2, and 190-2). Zooplankton abun­
dance at the delta stations was significantly lower than
abundance in Lavaca Bay (Scheffe F-test for multiple com­
parisons; "df = 359; P < 0.05). Further analyses treated the
delta and bay stations separately.

For the three d~lta stations, zooplankton abundance
was significantly different from site to site. Abundance was
lowest at the most inland site (600-2) and increased the
closer the sites were to Lavaca Bay (Scheffe F-test; df;" 115;
P < 0.05). Stations located in Lavaca Bay, however, did not
have ~ignificantly different abundances.

covered multiple-year periods, it was possible to' select an
annual data set collected under relatively high inflow condi­
tions and another annual data set collected un"der relati~ely

low inflow conditions for each estuary. This allowed a
comparison'of abundance based on annual inflow regime.
In all'analyses, zooplankton abundance was transformed to
10glQ(abundance + 1), the usual method of transforming
count data when means and variances are correlated. The
data were analyze~ ~y analysis of variance (ANOVA) for
factorial measures with unequal cell frequencies. Due to the
transformation, individual values given below are geometric
rather than arithmetic means, unless otherwise indicated.

The mean zooplankton abundance in the delta was
340 individuals/m3; in the bay, mean abundance was 7,948
individuals/m3. Figure 5.3.3 shows the average abundance
ofzooplankton bystation and season using all ofthe Gilmore
et aI. (1976) data.

Lavaca Delta and Lavaca Bay, 1984 to 1986. in a
two-year study, Jones et al. (1986) sampled zooplankton 14
times in the Lavaca Delta and Lavaca Bay. Four sta.tions in

Analysis of this data showed a statistically significant
relationship between station location and abundance (two­
fa<;torANOVA; F = 17.7; df = 7, 64; P < 0.001). Like the
earlier GlImore et al. (1976) study, the sites within the
Lavaca Delta (45-1, 603-1,65-2, and 613-1) had signifi­
cantly lower abundances than the sites in Lavaca Bay (85-1,
1505~1, and 1905-1) or at Venado Creek (623) (Scheffe F~

test; df = 95; P < 0.05). Due to this difference, further
analysesweredone separately on delta and bay stations. '
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Figure 5.3.8. Station-by-station average woplankton abund~nce for the
Guadalupe Estuary for each season, from Matthews et aI. (1975). The
values are geometric means of the groups. The difference in abundance
patterns for stations 287-2 and 243-4 versus 294-2 and 291-4 and 274-5
shows the effect of a statistically significant (P ,<' 0.05) season-station
interaction.
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Figure 5.3.9. Seasonal average zooplankton abundance for the Guadalupe
, Estuary from Buskey (1989). The abundance values are geometric means
of the groups.

FaDSpring Summer
Season

Winter

4000

8 8000

c:as
"0
c:
::J
.0«

E 20000 r-~-....,....--J._---"r=~=======;it
,---e- 287-2

::J

~ 16000 --6-- 294-2 & 291-4
OJ -e-- 274-5
::J
~ 12000 --.rr- 243-4

i:i
g

There were significant differences in zooplankton
abundance within the delta according to sample site location
(two~factor ANaYA; F = 3.63; df = 3, 40; P < 0.05).
Significantly fewer woplankton were found at station 603- .
1 in Redfish Lake, a relatively inland site, than at station 613­
1 at the mouth of Swan Lake, the delta station closest to
Lavaca Bay (Scheffe F-test; df = 55; P < 0.05r Abundance
at the two river stations (45-1 and 65-2) was not significantly
different from abundance in the brackish lakes, however.

In Lavaca Bay, there were significant differences among
the sampling sites (two-factor ANaYA; F = 15.2; df = 2, 6;
P < O.OI). Abundance at station 85-1 near the mouth ofthe
river was significantly lower than abundance at the other
stations, 1505-1 and 1905-1 (Scheffe F-test; df = 17; P <

0.05).

For both delta and bay stations, abundance did not
vary according to season for this study. Seasonal mean
abundances were similar throughout the year for both areas.
Overall, mean abundances for the delta and bay stations
were 482 and 8,609 individuals/m3. Figure 5.3.5 shows the
mean abundance ofzooplankton by station and season using
the Jones et al. (1986) data.

Comparison ofthe Lavaca Bay zooplankton studies.
Both studies, separated in time by ten years, showed that
woplankton ~bundance at delta stations was much lower
than at bay stations. For the delta stations, the studies
indicated that abundance at the station closest to the bay was
significantly higher than at the most inland delta site. In the
delta, it appears that sites with the highest abundance are
those influenced the most by bay waters, while the stations
with the lowest abundance are those with the least bay water
influence.

At bay stations, the Gilmore (1976) study did not
show significant differences among bay sites. The Jones et

aI. (1986) study showed that abundance at the bay station
nearest the river (85-1) was significantly lower than at the
two other bay sites. .

The studies showed a major difference regarding the
effect ofseasons. In the Gilmore et aI. (1976) study, winter
and spring abundances were the highest but were not signifi­
cantly different from each 'other;' summer arid fall'abun­
dances were the lowest and ~ere not significantly differen~;
but, the high winter-spring ab~nda~ces were, significantly
greater than the low summer-fall abundances. The Jones et
aI. (1 986) study, however, showedno significant abundance
differences among the seasons, and abundance means for all
four seasons were very similar.

Gilmore 'et aI. (1 976)n9ted that woplankto'n abun­
dance in Lavaca Bay was directly related to saliniry and
inversely related to temperature. Through regression analy­
sis, the Jones et aI: (1986) data confirmed a statistically
significant direct relationship between-abundance and salin­
iry(multiple regression; df=53; P < O.OOI), and 'a significant
inverse relationship with temperature (multiple regression;
df = 53; P < 0.01). '

Inflow and~buniumcein Lavaca Bay.' "Inflow condi­
tions diff~red between the two snidies, allowing a compari- '
son of abundance b~edon freshwater inflow. Since abun­
dance was often related 'to season 'and station location in the
two studies, woplankton data sets were chosen to include all
four seasons and'comparable station sites. A three-factor
ANaYA with inflow. station, and seaSon as independent
variables was used to analyz~ changes in zooplankton abun­
dance. Data for th'ree delta,areas (600-2, 65-2, and 617-2
from Gilmore et aI. (1976); 603-1, 65-2, and 613-1 from
Jones et aI' (1986» and three bay areas (85-2,150-2, and
190-2 ftom Gilmore et aI. (1976); 85-1, 1505-1, and 1905­
1 from Jones et aI; (1986» were analyzed separately.
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The inflow interval, ~hi~h was niai:ch~d with:iaop~
lankton abundance in the ANOVA, waS defined rojnclud~

the inflow in the month previous to the periodofinterest and
to run for 12 months. For example, th,e inflow period f~r
woplankron samples taken from January 1974 through
December 1974 began in December 1973 and ran through
Nov~~berl974. This en~ured that the actual inflow had
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Figure 5.3.10. Inflow-relared average zooplankron abundance for rhe
·GuadalupeEstuary for each 'season, from Matthews et aI. (1975) and
Buskey (1989). The abundance values are geomettic means ofthe groups.
The difference in the ;.bundance patterns between the spring and winter
for high- and low-flow c~ridjtions is the result of a,.statistically significan't
(P < o.oi) i~flow-season interac~ion. ' '

occurred at the time woplankton samples were taken.
There was a large variation in the inflow during the period'
spanned by the studies. A 12-month period ofhigh inflow
(1,872,742 acre-ft) began with zooplankton samples taken
in 'Ocrob~r 1973, and a 12-month period of low inflow
(719,S92 acre-ft) began with samples collected in October
1985. Using the 47-year period ofrecord for comparison, '
12-month inflows,greater than the low-flow amount have
occurredhistorically about 71 o~o ofthe time, while inflows
greater thari the high-flow quantity have· occurred only'
about 19% of the time..

Gultaf
Mexico

Figure 5.3.11. Sample sires for:Nueces Estuary zooplankton (rom Hoi­
land et aI. (1973, 1974, 1975) and Buskey (1989). Stations 38-2,53-2,
127-6, and 142-6 are from the Holland et aI. studies, while A, B, C, and
D are from the Buskey study.

,For the delta stations, inflow did not hav~asignificant
effect'on delta zooplankton abundance. Station .location
and season 'Vere both statistically significant i(three-factor
ANaVA; F '= 8.4; df = 2, 66; P < 0.001; and F.= 3:S; df = 3,
6~; P < O.OS)as e~pe~ted 'from the analyses of the separate
data sets. . ,

, ,

For ,the bay daq,there was a significant difference in
abundan~ebas~don inflow {three-factorANOVA; F =7.09;
df = 1, 6S; P < 0.01), Annual abundance under high inflow
(S,684 individuals~m3) was signifiqmtlylower than anqual
abundance with low inflow (12,262individuals/m3). As
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Figure 5.3.12. S~onal average zooplailkton abJndance for the Nueces
Estuary from Holland eral. (1973.1974, 1975). The abundance values are
geometric means of the groups.

I

expected, station and season were both statistically signifi­
cant (three-factor ANOVA; F = S.21; df=2, 65; P < 0.01;
and F =2.93; df=3, 66; P < 0.05) in the combined analysis.

, Gutida/upe Estuary, 1972 to 1974. Matthews et al. ,
(1975) sampled woplankron at 15 stations in the Guadalupe
estuary during the period March 1972 thro~ghJuly 1974.
Stations were:: sampled monthly or bimonthly. Data from
five stations were selected for analysissince these stations,.
~ere very close to the sampling siteS of a later study by .
Buskey (1989); data from two of the stations (291-4 and
294-2) were combined because of their proximity to each
other and to the location of one station from the Buskey'
study. Figure 5.3.6 shows the location ofthe samplingsites
of the Matthews et al. (1975) and Buskey (1989) studies"

" Zooplankton abundance was significantly related to '
season (two-factor ANOVA; F = 5.62;df= 3, 122; P <'
0.01), station location {two-factor ANOVA; F ,= 14.3;.df
=; 3,122; P <O,OOl),and the interaction of season and
station (two-factor ANOVA; F = 2.43; df = 9,122; P<
0.(5). The presence of an interaction between season and
station complicatesdescribing.the, pattern ofzooplankton
abundancetesponse to,eirher factor by itself; the response"
with respect to one factor changes depending on the value
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Figure 5.3.13. Seasonal average zooplankron abundance for rhe Nueces
Estuary from Buskey (1989). The abundance values are geometric means
of the groups.

portion of the bay near the intersection of the Victoria
Channel and the ICWW) was significantly' higher' than at
stations A and B (Fisher's PLSD; df = 35; P < 0.05). '.

I '. ';.

l Zooplankton abundance was also significa'ntiy related
to season (two-factor ANOVA; F ';' 5.93; df =' 3, 20;,'P <

0.01). Abund,ance during the spring was significantly higher
than during the summer and fall (Scheffe F-test; df = 35; P
< 0.05). Winter abundance, however, was not significa~tly
different from any other season, although it was generally
higher than in summer and fall. Mean abundance of
zooplankton during the study was 2,408 individuals/in3.
Figure 5.3.9 illustrates the abundance by station and season
for the study period.
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ofthe other factor. Zooplankton abundance at stations 243- E 20000 I--'---;========:;-----~:_I
4 near the Guadalupe Delta and 287-2 at the intersection of :J

--00
0

the Victoria Channel and ICWW generally displayed the ai
, pattern most frequently seen in Texas estuaries: highest -5

abundance in winter, slightly lower abundance in spring, .::;
'5

and lowest abundance in summer and fall (Figure 5.3.7). :§.
The other two stations showed a different pattern: abun- Q)

o
dance was unusually low during the winter and was higher ~

in summer than winter. The interaction effect identified by -g
statistical analysis was the result ofthere being more than one ~

pattern of abundance response to season, depending on
which station is considered.

Season
Station 243-4 is the only station for which a clear

comparative statement about abundance can be made. This
station had a significantly lowe~ mean abundance than the
other sites (Scheffe F-test; df= 137; P < 0.05), which do not
differ significantly from each other.

Figure 5.3.14. Inflow-related average zooplankton abundance for each
season in the Nueces Estuary with data from Holland et al. (1973. 1974.
1975) and Buskey (1989). The abundance values are geometric means of
the groups. The unusually low abundances during the winter and spring
low-flow conditions are the result ofa significant (P < 0.01) season-inflow
interaction.

Due to the interaction effect, the statistically signifi­
cant relationship of abundance with season is somewhat
overstated. Average winter abundance is significantly higher
than the average fall abundance (Scheffe F-test; df =137; P
< 0.05). Figure 5.3.8, however, shows that the statistically
significant result is almost entirely due to the high level of
abund'ance at station 287-2. The mean abundance for
samples in this analysis was 2,505 individuals/m3.

Comparison ofthe Guadalupe Estuary zooplan,kton
studies. The two studies showed similar abundance pa~terns

in corresponding areas of the estuary. Zooplankton ab~n­

dance in the upper bay area tended to be low, while it was
high in the lower bay region. Abundance during the summer
and fall was low in both studies. Abundance in the winter
and spring was not significantly different, but was signifi­
cantly higher than in the summer and fall.

Guadalupe Estuary, 1986 to 1987. Zooplankton
populations were sampled at four stations (Figure 5.3.6) on
six occasions during the period October 1986 through J~ly
1987 (Buskey 1989). From the statistical analysis, zoop­
lankton abundance was significantly related to station loca­
tion (two-factor ANOVA; F =3.31; df= 3, 20; P < 0.05).
The Scheffe F-test did not reveal significant differences
among stations. A less conservative multiple comparison
test, Fisher's Protected Least Significant Difference, did
show that zooplankton abundance at station D (in the lower

Armstrong (1987) stated that zooplankton abundance
in the Guadalupe Estuary varied directly with salinity and
inversely with temperature. His statement was based largely
on observations from the Matthews et aI. (I 975) study. Data
from Buskey et al. (I989) were analyzed for these relation­
ships, using night samples alone, day samples alone, and day
and night samples combined. In no case was there, a
statistically significant relationship between abundance'and
temperature or salinity. The unusually high inflow duripg
the Buskey et aI. study probably confounded the analysis,
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Figure 5.3.16. Annual average zooplankton abundance for high- and low­
flow years versus the number of inflowing bay volumes of fresh water for
the Lavaca Bay sysrem, Guadalupe Estuary, and Nueces Esruary. The
abundance values are geometric means ofthe groups. The atrows show rhe
median annual inflows during the 47-year period of record. The dashed
lines sh';w only rhat the end points on the lines are from the same estuary;
no sequence of events is implied. H ; high flow; L = low flow..

significant interaction between inflow and season (three­
factor ANOVA; F = 6.04; df = 3,48; P < 0.01). Overall,
zooplankton abundance was lower in the high-flow year
(2,408 individuals/m3) than during the low-flowyear (5,382
individuals/m3). The significant interaction did not sub­
stantially complicate the interpretation of the effect o(
inflow on abundance; Figure 5.3:10 shows that average
zooplankton abundance was lower for,the high-flow year in
all seasons except the spring. '

From the combined data sets, abundance \'Vas signifi- .
caritly related to inflow (three-fa~torANOVA; F= 9.37; df
= 1,48; P < O.Ol).Station and season were also statistically·
significant (three-factor ANOVA; F = 10.7; df;= 3, 48; P <

0.001; and F =5.67; df = 3,48; P < 0.01), and there was a

Nueces Estuary, 1972 to 1975. Holland ei: al. (1973,
1974, 1975) collected zooplankton samples at 20 sites in
Nueces and Corpus Christi bays. The samples were col­
lected monthly; at some sitt;:S, there were 2.5 years ofdata for
exam.in'ation. A later study by Buskey (1989) concentrated
on four stations, two in Nueces Bay and rn:o in Corpus
Christi Bay. Data from four stations in corresponding
l~catioris were drawn from the Holland· et al. study 'to
provide comparable samples.' Figure 5.3:11 shows the
1000rion of the Holland et al; and Buskey Sampling sites.

infl~w is low o~ly in comparison to the extreme high inflows.
that occurred during the Buskey et al. (1989) study; Abun­
dance from these two periods was analyzed I:>Y a three-factor
ANOVA comparing the effects ofinflow, season, andsainple,
site on zooplankton abundance.
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although the lack ofa temperature-abundance relationship
was 'surprising since there was a significant seasonal relation­
ship.

10' +-~-,-~:--,........~........~......,~ ..........-r-~..---r~-+
12/71 6/72 12/72 6{l3 12/73 6{l4 12{l4

Date

~igure 5.3.15. Average monthly zooplankton abundance and monthly' '
combined inflow for the Nueces Estuary. In the upper panel, the Nueces
Bay abundance data (open squares) are the arithmetic average of five
stations, and the Corpus Christi Bay data are the arirhmeric average of 16
srarions. The lower panel shows monrhly combined inflow to rhe esruary.
The dara come from Holland er aI. 0973, 1974, 1975).

Combined inflows for 12-month iritervals that oc­
curred during the Matthews et al. (1975) studywe~e also
calculated. The 12-month period beginning with July 1912
had the lowest inflow of all of the time spans fcirwhich
zooplankton sampl~ were collected, 2,167,570 acre-ft. In­
flow for the 12-mondl periodbeginning in Julyis exceeded
by about' 52°/0 ofhistori~ a~nual·inflows. This period of

Inflow and abundance in the Guadalupe Estuary.
,Calendaryear 1987 had the highest inflow to the Guadalupe
Estuary in the 47 years of inflow records. Inflow during the
month ofJune alone (2,457,912 acre-ft) was greater than the
47~year annual average. Although the highest flows oc­
curr~d toward the eml of the period Of the study, the 12­
month period was ~etter than ~ual throughout the entire
year. To test for a relationship between inflow ~nd abun­
dance, inflows were matched to zooplankton abundance
~ing ~n annual inflow interval, defined to include the flo~s

that occurred from September 1986 through August 1987.
This ensured that the actual inflow had occurred at the time
zooplankton samples were taken. Inflow for the period of
zooplankton collection by Buskey et al. (1989), which began
in October 1986, totaled 5,682,025 acre-ft. This was higher
than 97% of all annual inflows'to the estu~ry;
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Table 5.3.1. Median combined i~flo~. bay volume. median inflow to bay volume ratio. and
high and low inflow to bay volume ratios for Lavaca. Bay. the Guadalupe Estuary. and the

, Nuec~s Estuary. Bay volume information froin Diener (1975); inflow information from
records at the TWDB. Volumes are in acre-ft and inflows are in acre-ft/yr.

Estuary Median Bay Median High inflow Low inflow
inflow volume ratio 'ratio ratio

Lavaca system a 1.120.440 203.506.7 5.51 9.20 3.54

Guadalupe Estuary b 2.208.939 ' 388.693.8 5.68 14.62 5.58

Nueces Estuary C 414.337 .865.513.1 0.48 1.01 0.08

a The Lavaca system volume is the sum of the volumes of Lavaca. Keller. and Chocolate
bays. .

b The Guadalupe Estuary volume is the sum of the volumes of San Antonio. Guadalupe.
Hynes. and Mission bays.

C The Nueces Estuary volume is the sum of the volumes of Nueces. Corpus Christi•.and .
Oso bays.

Zooplankton abundance from the Holland et al. data
was n~t significantly related to station location. Season,
however, significantly influenced abundance (three-factor
ANOVA;F= 13.2;df=3,64;P<0.001). Winter and spring
abundance were both significantly greater than fall abun­
dance, and winter abundance was significantly greater than
summer abundance (Scheffe F-test; df = 95; P < 0.05). All
ot\1er comparisons were not statistically significant. Figure'
5.3.12 shows the mean seasonal abundances for the four
stations. The dominance of winter abundance over other
.seasons is clear, especially at the two stations in Corpus
Christi Bay (I 27-6 and 142-6). The average abundance for
the samples used in the analysis was 7,257 individuals/m3.

Nueces Estuary, 1987 to 1988. Buskey (I989) col­
lected day samples at four stations in the Nueces Estuary
approximately every other week for a year (Figure 5.3.11).
The study took place during an extremely dry period with
very low freshwater inflows.

An analysis of the data shows that zooplankton abun­
dance was not significantly related to season. Station loca­
tion, however, was a statistically significant factor (twO­
factor ANOYA; F =3.14; df = 3, 76; P < 0.05). Whilethe
stations in Nueces Bay had higher abundances than the
Corpus Christi Bay sites, the differences were not significant
according to the Scheffe F-test. Fisher's Protected Least
Significant Difference, a less conservative multiple comparic
son test, indicated that abundance at station A near the
Nueces Delta was significantly higher than both Corpus
Christi Bay sites, and abundance at stati~n B (mid-Nueces
B~y) was significantly higher than station C in mid-Corpus
Christi Bay (Fisher's PLSD; df = 91; P < 0.05). The low
levels ofinflow resulted in little month-to-montl} v~c'iation
in salinity at any of the stations. Figure 5.3: 13 shows the. " ,

average abundance of zooplankton for seasons and stati011s
from this study. The mean zooplankton abundance. for the
Buskey et al: study was 3,997 individuals/m3.

Comparison ofthe Nueces Estuary: zooplankton stud­
ies. There were not a lot of similarities between the two
Nueces studies. Abundance patterns from the subset of
stations selected from the Holland et al. (I973, 1974, 1975)
data agree with the patterns noted by Armstrong (I 987) for'
the entire se~ ofdata: maximum abundance occurred in the
winter, and the summer and fall had the lowest levels of
abundance. The Buskey et al. (l989) study data showed that
the winter and fall had the highest average abundances, while.
the spring and summer were generally lower. Neither data
set made a clear case for spatial differences in abundance in
the Nueces Estuary. The Buskey et al. (I 989) data showed

.significant station differences onlywhen a less conservative
test was used.

Holland et al. (I975) stated that temperature and
salinity were the two most important factors regulating
species composition, seasonal occurrence, and distribution
ofzooplankton. They concluded that low salinities resulted
in low abundances and high salinities in higher abundance.
They also noted that various zooplankton species were more
numerous under warmer conditions, while others were most
numerous when temperatures were the lowest. The effects
ofsalinity and temperature on abundance from the Buskey
et al. (I 989) data were analyzed by regression. using the data
collected during the day. There was a statistically significant
inverse relationship between abundance and temperature
(multiple regression; df = 99; P < 0.01). There was no
significant relationship between abundance and saliniry,
although the range ofsalinities in the N ueces Estuary during
th~BuSkey et al. (I989) study was limited (33.6 :t 4.9%0).
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_ TheLav~ca Bay syst~;ffi ~rid the G~ada,lupe Estuaw
have similar median qay v~l~me_. replacein~itts, 5,.5 and 5.7
bay'v,?l,umes per year;, respectively. TI1.e 'Nue~es Estuary;
however, has a much lower median bayvohime replacement,

FigUre 5.3.16 shows the overall averag~ zooplankton'
abundance from e~ch study compared to the number ofbay
volumes of water that were received during thes~udy (i.e.,
the number of times the bay could have been completely
filled with iriflowing freshwater). Th~ dashed linesconnect~
ing p~int pairs a~e meant t?help th~ read~rdetermine 'which
points are assoCiated with each estuary, not to imply any
s~q~e'nce ofchal)ge. Th~ vertical arrows indic;;.te the riumber
ofinflowingb~yvolume~ represented by the47-year ~eaian"
inflows. Median r~ther than mean inflow is used here
be~use it is more repi~sentati~e of rile~entraI ter;"deng of
t~e dat~)nfreq~e~cYdistributions (ha~ rriay be skewedb§ a
few' extreme measuiements. See Table 5:3.1 for bay volume
alld iriflo~ information.' ,:' '" ,,' ':'

The effect or'inflow~~ zooplankton abundance is not
straightforward. For both Lavaca Bay and'the Guadalupe
Estuary, abundance was signifi<;ahdy 10weHP < 0.01) dur~:

ing the high-inflow year than during the low-inflow year. fil '
the Nueces Estuary, higher inflows were assoclar'ed' with'
significantly higher zooplankton abundances (P' <0.01)~
These estuaries receive different amounts ofwater relative to
their volume, so it is usef.ul to' compare abundance with
inflow amount.

Season was generally' a significant factor affecting
zooplankton ,abundance. In four of the six studies; highest
abundances in the bay occurred inthewinte~. In the other
tWo'studies (Lavaca Bay by Jones' et al. (1986)' and the
Guadalupe Estuary byBuskey et al: (1989», al,Jundapce~.;,s'
highest in the spring and slightly lower in the'winte~, bu(the
two seasons did not differ signifi~ntly.' , ,.., ,

. '.. i '_' .

winteroccur four to six months after the inflow peaks. The
,regu!ariry~fabunda~ce peaks and the timing with respect to
large monthly inflows,(greater than 100,000 acre-ft) suggest
that abundance is linked to inflow. A much longer record of
zooplanktoll abundance would be needed to adequately test
this timing hypothesis, however'.

th~ Holla~d et al. (1973,1974; 1975) data set is a
parricclarly l~~g'record~p~nrling30 months. Figur~ 5.~.15'
shows' the pattern Jor,the arithmetic, 'me~n',zooplankton
ab~ndance for five stations in N~e~es J3ay andi 6.stati~J;ls in
Corpus ¢hris~i Bay; th~ plot al,so'show,s monthly combined,
inflow." It ~ppe'ars that i:h~ average abundan~e peaks' in the

Ther~ was a stati~tically significant reiationship be­
tween abundan~e and i~fiow in 'the combined data set
(three-factor ANOVA; f = 10.4; df = 1, 108; P < 0.01);
ov~rall, zooplankton abundances:wer~highe~ during th~,
high inflow year. ,Station l()Cation was not a significart
factor. Se~on was statistically ~ignificant (three-factor
ANOVA; F = 4.60; df ~ 3,108; 'p <0.01) and there was also
a significant i'nteraction between inri~w and seas~n (thr,e~-'
factor ANOVA; F = 4.61; df = 3,108; P< b.01)~ 'Figure
5.3.14 shows the seasoital mean ab~nd~nces for the high­
a~d lqw-inflow c(mdi~ions. Th~ ,pattern of abund:mct: is,
differentbet.Ween the high~and low-flow'years, thus causing'
the signifi<::l;ntiiueraction., i~ the high-,flo~ yea~~ abundance
is high durirg the winter, a little l~werduring the spring, and
much lower in the summer and fall; this seasonal pattern is
co'n~istent ~ith many of the other T ~xas zooplankton stud~

ies. During the low-inflow year, abundance is highest
during the winter and fall and slightly lower for th~, spring
and, ~ummer. Actually, average abundance did n~t vary
mu~h ip thelow-i~flowyear: The inrt:raction effectinvol~es
the difference in abundance in the, ~pdng and winter in the
high- and low-How years. It.is interesting to note that the.
summer and f~ll abundances d~ring the qigh-and low-fl~w
years are very si~ilar.' The lo~ infloi appe~rs toaffect
niai~ly spring and winter ~bundance levels. The :-,-verage
~bundan,ce is 7,86~ irdividuals/rri3 un4erhigh-inflc;>w con­
ditions, and 3,994 indi~iduals/~3 under low inflows.

• • oj , -.;.. .", • - •• ' •• '; •

Inflow andabund4,,:ce in the Nifeces Es~ry;, Inflow
during the Buskey et al. (198~) stud.yw~ very low, 67,029
acre-ft, from September 1987 through August 1988. More
than 95% of the annual .. inflows to the- Nueces Estuary
during the 47-year period ofrecord exceededthe inflow that.
occurred during this year ofzooplankton sampling. During
the Holland et al. (1973"197,, l Q75) st~dy, the inflo~ for
the 12-month period beginning in September 1973 and, Comparingzooplankton abundance amongestuaries.
ending in August 1974 was high, 871,596 acre-ft. Only The major effect of-station location from these analyses is
about 24% ofthe annual inflows to the estuary were greater, that lower bay sites have higher zooplankton abundances
than this amount. These two substantially different inflow than lo~tions in or very close to the deltas. The studies on
periods allowed comparison ofzooplankton abundance under '" Lavaca Bay and the Guadalupe Estuary gave the clearest
high- and low-flow conditions. A three-factor ANOVA~~ indication of this contrast. The N ueces studi~s do not fit
used, comparing the effectsofinflow, season, and sample site' , into this pattern and suggestthat'during periods ofextremely
on zooplankton abundance. The Holland et al. (1973, _low inflow, zooplankton abundance may be higher near the
1974, 1975) zooplankton abundance values used were from delta than in other bay areas.
samples taken during the 12-month span' from October:
through September to ensure that the actual inflow had

, occurred at the time the,zooplankton samples were taken.
. '. .~;. ... . . ,

,',
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0.5 volumes per year, less t~an 100/9. ofthe in,flowofthe qther
twoestllarieson a,bay,~volume basi~. Compared t~ th~
Layaca Bay system and the Guadalupe ~tuary, the Nueces
Estuary is s~aryed for fresh water and the materials carried in
byinflow. . ' ,.

, . For theinflow-abundanc~ tes,t for Lavaca Bay, high
inflow was 167% of the median"while low inflow was 6~%
of the median. For the Guadalupe in.flo\y-abundance test,.
high inflow was 257% of the median and lowi~fl~wwas
98% ofthe median (not a true low-flow situation); hig~ flow
was about 2.6 times the low fl~w f~r both systems. High
flows were large enough to displace zooplankton from the'
bay, keep saliniry levels low, and retard macrozooplankton
population recovery, so high-flow abundance was lower
than low-flow abundance. High-flow abundance; in the
Guadalupe Estuary was lower than high-flow abundance in
Lav~ca Bay. This is not surprising since the 15replacement

. volumes of the Guadalupe system during the high-flow year
were greater than the nine replacement volumes ~f Lavaca
Bay, perhaps causing a greater dispiacement ofzooplankton
out of the bay or a greater effect of very low salinities on
zooplankton species. ,

The median inflow. st~te for the Nueces Es~uary is
grea~ly r!=duc~d in terms ofin~owvolumes compared to the
other two estuaries.' Certainly the lower input offresh water
and materi,als from reduced ri~er flow and ungaged ru~offis
closer to limiting production..processes in the Nueces Estu-.
ary than in the Lavaca or Guadalupe systems. The low:flo~

year had freshwater input equivalent to only 8% of the
estuary's volume, only one-sixth of the median inflow. It is
not surprising, therefore, that the annu'al average zooplank­
ton abundance for the Nueces low-flow co~parison shown
in: Figure 5.3.16 was lower than the low-flow ab.undances of
the other two estuaries.. The high-flow year had an inflow
slightly greater than one estuary volume, 13 times the inflow
of the low-flow year. This extra input ,of fresh water and
materials, (twice the median inflow) probably provided the
rigqt mix ofconditions to allow increased secondary produc­
tivity. But it is not cl~arwhether the higherpro~ucti'yity~was

due to a stimulation ofprimaty production from ~'acro~ or
micronutrient increase,stimulation of~~productionofzqop­
lankton, stimulation of resting stages of zoopla~kton in the
be~thic sediments, c~~trol of predators, or other factors.
The high inflow volume in the. N ue<;es ¥-stuary was still
much less on a relative basis than high inflows in the Lavaca
system and Guadalupe Estuary. Therefore, displacement of
zooplankton .by fr<:shwater inflows w~ not a fac~or, in
zooplankton abundance.

From this limited analysis, it appears that fr~sh~ater
inflow has a strong effect on macrozooplankton abundance.
The respons~of zooplankt9n to inflow is ~ifferent depend-

, ,- ,

;. .,

", "', " .
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ing <;m the le,:el ofinOow. Freshwatednflow pr~bablyex~rtsf

its greatest influence on zoopJankton produc~io~"in syst~m~:
rece,iving vety little inflow iri terms ofhay·yolumes. Inflow
incre~es result in greater ~oplankton ah~~da~ce., For
systems normally receiving much more infl~w (six bay
volumes and more), the effects ofincreasing inflow decreases
the s~andipgcrop'due to displacement or other effects oflow
salinities. Figure 5.3.16 suggests that on an annual b\lsis,
there, rtay. be an optimum ,bay volume; replacement for
zOoplankton abundance. Replacement rate,s ofbetween one
and six bay volurrit;s per ye~r may provide co~ditions that
maximize m~an annual zo.ophmkton abundance. .

Inflow Effects on Acarl'iatonsa
. ,

Th~,copepod Acartia tonsa corr;prised '40 to 60% of
the i~dividual ~acrozooplankton i~the Lavaca-Colorad~,
Guadalupe, ,Mission-Aransas, and Nueces estuaries (H~l­

landetal. 1975;Jones et al. 1986; Buskey 1989). Armstrong
(1987) noted that Acartia contributed to 85% ofthe stand­
ing crop in ~abine Lake,'dominateci the zooplankton in the
uppe,r and lower Laguna Madre, and with barnacle nauplii
larvae constituted more than 700/0 of the standing crop in
Trinity Bay. Since ,Acartia often represents a large fracti~n'
~f the zooplankton, several~tudies have artempted to relate
its abundance with environmental parameters including
season, temperature, salinity, and inflow:

.SecondAry produ'dio'n., Buskey (1989) prepared a
direst measure of secondary, production of the abundant
copepod Acartia' tonsa. Potential secondary p'roduetion, an
indication of the rate,of energy 'st9rage in biom~ of th~

organisms, can be calculated from a life table using the age
distribution ofdifferent developmental st~ges; the method is
sensitive to short-term increases in population gro~h. in
the Nueces Estuary i~ 1987, pote~tialzooplanktonproduc­
tionaveraged about 1.9.' mg,C m-3 day-I and ranged fro:n
0.05 to 56,mg C m-3 day -I, based on samples taken
approxi~ately every two weeks at four stations. A fe~ high
productivity measurement~were observed but did not ~~in­
cide \V.ith freshwater infl'ow,'events since inflows were very
low throughout the study period.

, .
Samples were taken six times at four stations in San

Antonio Bay, including June 1987, the largest inflow event
in tne past 47 years.. I;:x<;luding the June measurements,
,pot~~tialproduction ()fAcartia also averaged about 1.9mg
C m-~ day -I ,with a range ofo to 9mg C m-3 dar1. Duri~g

theJune fl~d, average potenti:il production was i2 mgCm­
3day~l, with a range of 11 to 152 mg C m-3 day~ I. 'In the
absence. of flood conditions, average potential secondary
production of Acartia was similar for the N ueces and
Gl,ladalup~ estuaries. . There appeared to be substantial
stimulation of production during the high-inflow period,
",'. : ~ ."." , ,'," . f.. "" " • " .
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however. Duration'of the increased production was not;
long-lived; a saptpling'ofthe stations six weeks later showed
low production levels and veiylow zooplankton abundance', ,

'possibly due to displaceme~t by fresh wat'er.

By comparison, Heinle (1966) estimated 'maximum
potential production of Acartia during summer m'onths to'
be 29.6 mg'C m-3 dar1 in the Patuxent River Estuary that'
opens into Chesapeake Bay. Durbin and Durbin (1981)
determined mean potential production of Acartia at to be
19.0 and 2i.9 mgC m-3 dar1at two stations inN arranganseti

, Bay; productivity estimates ranged as high as 140 mg C m ­
3 day -1. Both sets of measurements were made during the
summer to early fall period, when Acartia production is at'
its highest levels. Estimates of production from the Nueces
Estuary'during the corresponding time of the year ranged
from 0.6 to 56 mg C m-3 day -1, with a mean v.Jue of9.0
mg C m-3 'day -1. Production in the Guadalupe Estuary

, ranged from 0 to 152 mg C m -3 day -1 with a mean of 25
mg C m'-3 day -1. A few extremely high readings after the
June 1987 flood may bias the Guadalupe Estuary summer
productivity estimateS. Nevertheless, it appears that second­
ary production of Acartia in T ex3s estuaries is roughly
comparable to production of the same species in East Coast
estuaries.

Salinity. Holland et al. (1975) andJones et al. (1986)
associated low salinities with low densities ofAcartia. They
also noted that low salinities limit predators of Acartia,
allowing rapid population growth to occur after high in­
flows. Jones et al. identified Mnemz'opsis mccradyi (a
jellyfish:like invertebrate called a comb jelly) as a probable
predator that may control Acartia abundance. Buskey
(1989) examined Acartia abundance with respect to salinity
in the Guadalupe and N ueces estuaries. ,Only 5 to 6% ofthe
variation in Acartia abundanc~ could be statistically attrib­
uted to salinity; about 16% of the'variability in the propor­
tion ofAcartia in the total zooplankton population could be
attributed to salinity. Buskey's results were hampered by the
bimonthly sampling regime in the year-long study of the
Guadalupe Estuary and the lack of inflow' and' salinity
differences in the one-year Nueces Estuary study.

Lee et al. (1987) ~sessed the relationship between
Acartia toma and selected environmental factors using data
from sc:veral different studies (Holland et al. 1975; Matthews
et al. 1975; Gilmore et al. 1976; Wier~ma ei al. 1976; and
unpublished data from Espey, Huston & Associates, Inc.
cited in TDWR 1981). Combining data from six bays, Lee
et al. showed that abundance is more highly correlated with
salinity than terriperature~ When the bays were evaluated,
separately, Acartia abundance was more dependent on
salinity than temperature in Nueces, Matag~rda, and San
Antonio bays, but was mor~ dependent on temperature than
salinity in Sabine Lake, Trinity Bay, and Corpus Christi Bay.

Examining the independent variables used by Lee et al., .
mean 'temperatures varied over approximately the same'
range in all six estuaries for the data sets., Mean salinity .
variation had arange of 11 to 120/00 for Trinity' Bay and
Sabine Lake, and only 40/00 for Corpus Christi Bay; the
range of mean salinity variation was 22 to 290/00 for the
other bays'. It is possible that the narrower range ofsalinity
conditions in Trinity Bay, Sabine Gke, and Corpus Christi
Bay contributed to the diminished importance ofsalinity in
the analysis of these bays when compared to the nearly
constant range of temperature variation preseilt among all '
six estuaries.

Conclwion

Inflow displaces ~ooplankton, replacing'estuarine or '
marine forms with freshwater species. Areas within and ..
near river deltas have'lower zooplankton abund~nce than
the open bays, and under usual inflow conditions', winter
and spring abundances are higher than in the summer or ,
~. ' '

In the short-term, fresh water seems to' stimulate'
micro- and macrozooplankton population growth, although
the point at which displacement overbalan'ces population
increase is not clear. Inflow appears to influence zooplank~'

ton abundance on an annual basis, but the' degree of
influence seems more related to the relative amount ofwater
entering the estuary than the absolute amount. In terms of
the number of bay volumes of inflow received each year,
estuaries that normally receive high inflows probably do not:
experience much increase in zooplankton abundance from
higher inflows before the inflows physically displace the
zooplankton due to the water movement. ESruarie's that'
nornially receive low inflows, in terms ofbay volumes, seem
to have significant abundance increases due'to high inflows. '

Salinity, which is affected by freshwater inflow, influ­
ences the abundance of single species such as Acania toma
and abundance of the entire zooplankton community in'
estuaries that are not experiencing periods ofextreme high!
or low inflow. Unfortunately, as Armstrong (1987) noted:
we are a long way ftom having the necessary information 'to '
adequately assess zooplankton dynamics; as yet, we cannot
quantitatively relate inflow and zooplankton production o,r
abundance except to say that there is a relationship.

5.4 EFFECTS OF INFLOW'ON BENTHIC OR-'
GANISMS

,Introduction

Types 4benthic organisms. Benthic organisms live in
or on the bottom sediments of bays and are collectively

104



called the benthos. Infauna are benthic animals that burrow
into the sediments. As adults, many of the infauna are
permanent residents of the bay bottom and are not particu­
larly mobile; some are able to move only a few meters in any
horizontal direction in their lifetimes. Examples of infauna
include polychaete worms, clams, and lugworms. Most of
the organisms living on the surface of the sediment
{epibenthos} are mobile; crabs and snails belong to this
group. Some of the animals that swim freely in the water
column {nekton} are occasional visitors, seeking the bottom
to feed on benthic species.

In addition to the animals described above, many
small single-celled organisms live in the sediment including
bacteria, fungi, protozoans, and microalgae. The latter
constitute the microphytobenthos, algae that are mixed into
the uppermost layer of sediment.

Benthic organisms are often grouped into three size
categories, based on the mesh openings of the sieves used to
separate them. Macrobenthos are the largest benthic organ­
isms and are traditionally considered to be those visible to
the unaided eye. Some older studies regarded macrobenthos
to be organisms that were greater than 1 mm {0.039 inches}
in any dimension. More recent works use Q.5 mm {0.0197
incheS}, the mesh opening size of a U.S. Standard No. 35
sieve, as the dimension limit {Levinton 1982}. Examples of
macrobenthos are adult stages of clams, polychaete worms,
and crabs.

Meiobenthos are metazoans {multi-celled animals},
rangingfromO.063mm{4x 10-5 inches}toO'.5 mm {0.0197
inches} in length; the former is the mesh opening size of a
u.s. Standard No. 230 sieve. Some older studies considered
meiobenthos to range from 0.1 to 1 mm {0.004 to 0.04 inch}
in size. Meiobenthic species are further divided into the
permanent meiobenthos that never become larger than 0,5
mm and the temporary meiobenthos that grow large enough
to be classed as macrobenthos. Nematodes, harpacticoid
copepods, gastrotrichs, and kinorhynchs are examples ofthe
permanent meiobenthos; temporary meiobenthos include
juvenile stages of clams, snails, polychaete worms, and
amphipods.

Microbenthos is the smallest size class and include
protozoans, microphytobenthos, and other microorgan­
isms; any benthic organism smaller than 0.063 mm {4 x 10­
S inches} is considered part of the microbenthos.

Feeding habits of benthic animals. Macrobenthic
organisms have a wide range offeeding habits in the benthic
environment. Carnivorous species select and prey on benthic
organisms. The lightning whelk {Busycon contrarium} and
moon snail {Polinices duplicatus} are examples of predatory

mollusks that feed on other mollusks. Many macrobenthic
animals are scavengers, feeding opportunistically on any­
thing they find including macroalgae, animal remain~, de­
tritus, and living animals; the blue crab {Cal/inectes sapidus}
and striped-leg hermit crab {Clibanarius vittatus} are scaven­
gers in Texas bays {Armstrong 1987}. Filter or suspension
feeders have sticky mucus-covered appendages or bristles
that entrap plankton or organic material from water that
flows by or is pumped by the animal. Mollusks such as the
dwarfsurfclam {Mulinia lateralis} , the jackknife clam {Ensi;
minor}, and the southern quahog {Mercenaria campechiensis}
are primarily filter feeders {Fotheringham and Brunenmeister
1975; Armstrong 1987}. Deposit feeders either select
specific particles of food from sediment or ingest sediment
directly and noq-discriminantly consume organic detritus,
algae, small animals, or bacteria contained therein. Say's
Tellin clam {Tel/ina texana} , the hemichordate acorn worm
Balanoglossus spp., and the polychaete worm Mediomastus
californiensis are abundant deposit feede'rs in Texas bays.

Most meiobenthic organisms in T exas estuari~s are
grazers and select single-celled microbenthos for food
(Montagna and Yoon 1991); some, such as nematodes, are
deposit-feeders. The feeding habits ofthe microbenthos are
very diverse. Some species with chromoplasts are holo­
phytic, satisfying their nutritional requirements photosyn­
thetically. Saprozoic microbenthos'obtain nourishment by
absorbing dissolved organic matter from decaying organic
matter. Holozoic microbenthos, ingest or engulf organic
particles or other microbenthos as their food source. Many
of the microbenthos are able to use muitiple modes of
nutrition depending on the conditions encountered, . '

The sedimentary environment. The characteristiCs of
the overlying water including salinity are important in
determining the type and abundance of benthos, but sedi­
ment characteristics such as texture and organic content
significantly influence the benthic community through size,
mobility, and feeding style of the bottom~dwellers. For
example, sandy sediments have interstitial spaces that favor
very small meiobenthic species; bay bottom sediments con­
sisting of flocculated clays that are frequently resuspended
by turbulent flow may inhibit colonization by burrowing
benthic species {Fleeger et al. 1983}; and, sediments with
high organic content may provide favored habitats for
deposit-feeders that extract organic matter and associated
bacteria.

Bottom sediments vary in texture depending on the
proximity of rivers, gulf, and bay shoreline. Close to river
mouths, the surface sediment is sandy silt grading into silry
clay and clay-sized particles farther away from the river {see
Table 4.4.1 for sedi~ent size definitions}. Clay-~ized par­
ticles dominate the mid-bay areas away from the bay shores,
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Table 5.4.1. Average densiry of bacteria (cells/em3) in three Texas estwries; data from
M~ntagna and Kalke (1989) and Montagna and Yoon (1991).·

while the areas closer to the bay shore telid to'be s~ndi~rthan
mid-bay. Near the barrier islands, the'c1ay~sized partides a~e

mixed with fine sand that has been transported bayw~rd by
theWind or redistributed from washover channels and flood
tidal deltas built during storms~ The amount 'of organic
carbon in the sediments also varies spatially and is high in the
vicinity of river mouths'and the deeper, central portions ~f
bays. '

Benthic organisms also process organic matter that
'settles to the bottom or is in suspension close to the bottom.
All size classes of the benthos participate in this process,
breaking detrital material and dead organisms into smaller
particles and digesting complex organic molecules (such as
cellulose from terrestrial plants) into simpler compounds.
The micro- and meiobenthos are largely responsible for the
release of inorganic forms of nutrients from organic com­
pounds.' These regenerated nutrients are then returned to
the water'column where they can be reused by theprimafy
producers.

Thefunction ofbenthos. Benthic org~nisms have two
functions in estuarine 'ecosystems: they are important com­
ponents of the food web for higher trophic-level animals,
and they process organic matter and release inorganic nutri­
ents to the water column' (Flint et al. '1982). Microbentl10s
are used as food by the meiobenthic organisms. Meiobenthos
are preyed on by other meiobenthic, epibenthic, and
macrob~nthic animals, as -well as nekton species such -as
brown shrimp, grass shrimp, and juvenile mullet (Anderson
1985; Collins 1985; Lassuy 1985a); many macrobenthos
'species are consumed by sport and 'commercial fish and
shellfish.

1.61 x 107

Lavaca-Colorado
. Estwry 1988

.9.39 x'107

Microphytobenthos. Microphytobenthos are micro­
scopic algae found in the upper few centimeters of benthic

. , sediment. Light for
photosynthesis at the
sediment surface, mea­
sured as photosyntheti­
cally active radiati~n,

is typically only a frac­
tion of that found in
the upper water col­
umn. Yet, there is a
significant bIomass. of

.photosynthetically ac­
tivechlorophyll a (2 to .
40 mg/m2) in the sedi-

The year 1988 was relatively dry along the Texas.coast
compared to 1987; February, March, and April inflows to
the Guadalupe Estuary were below average. The average
bacterial density in April 1988 was less than half that
measured in 1987. Densities in the other estuaries, which
also had low inflows in 1988, were lower than in the
Guadalupe Estuary. This comparison suggests that high
average hact.erial densities may be associated with high
inflows; however, the data are very limited. and do not
provide conclusive confirmation of the pattern ..

Montagna and Kalke (l989a) compared bacterialcell
densitY from sediments in the Lavaca-Colorado, Guadalupe,
and Nueces estuaries in April of 1988. Following the
example of the Guadalupe Estuary, each estuary had two
~pper bay stations and two lower bay stations. The average
cell densities for these estuaries are also shown in)"able 5.4~ 1.
Cell densities were highest in the Guadalupe Estuary, lqwer
in the Nueces Estuary, and lowest in the Lava~a-Colo;ado

Estuary. Densities varied among stations within an estuary,
and the Lavaca-Colorado cell densities increaSed from the
most rive~-influencedstation to the most marine-influenced
station.

Nueees Estuary
1988

e~ation of nutrients (Flint 1985) in which miCrobenthosis
'i:>ne'ofs~veral components.

Bacterial density. Bacteria constitute a signifiq.nt
portion of the microbenthos. Montagna and Yo'on (1991)
made bacterial counts at four stations in the Guadalupe
Estuary in January, April, and July of 1987, a year with very
high inflows. Average bacterial densities for these months
'are shown in Table 5.4.1. There were only minor differences
'among stations and among ~onths. 'For all three sampl~ng

periods, the inflows ofthe previous m~nthwere higher than
average. The July sampling followed the highest monthly
inflow to the estuary in 47 years. ..

Month Gwdalupe .Guadalupe
Estuary 1987 Estuary 1988

January 1.84 x 109

,April 1.45x 109 5,02 x 108

July 2.03 x 109

Microbenthos

There is relatively little information onthe abundance
and distribution ofmiCrobenthos ih Texas bays. While there
have been a few studies to identify and enumerate species of
particular microbenthic gr<:>ups (Wood 1963), most studies
have been
process­
-oriented, char­
acterizing the
rates -of decom­
position' of or­
ganic carbon
(Volkman and
Oppenheimer
1962), benthic
production
(M ad n tyre
1988), or reg,:n-
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ment, and the benthic algae containing the chlorophyll ,250~000 individ~als/ftl2). TJ:te density of upper bay
contribute to community primaty production at many sites .' meiofaun\l in April ~emained about die same, but the lm,:er
(95 to 480 mg C m-2day-l from MacIntyre 1988; MacIntyre hay density .decreas~d to about four times the upper !;lay
and Cullen 1988; Blanchard and Montag~a 1992). At one . density. Upper bay meiobenthic density remained 'up­
site,' MacIntyre (1988) measured microphytobenthic pro-, changed in the July sampling, while the density oflower bay
due,tion to be 37% of the net areal production of 256 mg C meiofauna d~clined to upper bilY levels after a record inflow
m-2 day-I, ' in June.

The top centimeter of estuarine benthic sediment is
frequently resuspended by turbulent mixing.
Microphytobenthos primary production is generally light
limited and extremely variable, largely as the result of fluc­
tuations in irradiance in the water column during wind­
induced sediment resUspension (Blanchard and Montagna
1988). While sediment resuspension decreases light levels, it
also resuspends the microphytobenthic algae into the water
column where more light is available for photosynthesis than
at the sediment surface. MacIntyre (1988) noted that be­
cause of these two opposing processes, predicting whether
net primary production will increase or decrease,as the result
of wind-induced resuspension is not easily accomplished.
The likely significance of microphytobenthos to estuarine
ecosystems is that it constitutes a large reservoir ofphotosyn­
thetically capable organisms that, under the right condi­
tions, can be resusp~nded into the water column a~d r;pidly
contribute to the system's primary production.

Meiobenthos

Influence o/freshwater inflow on meiobenthic density
and communitY structure. A little more information is
available about meiobenthos than microbenthos. Rogers
(1976) sampled meiobenthos in San Antonio Bay from May
1972 toJanuary 1973 and found month-to-month variation
in the density of nematodes, osrrac04s, copepods, and mis­
cellaneous species (including kinorhynchs; polychaeteworms,
gastropods, pelecypods, and pycnogonids). The lowest
densities occurred in the spring, with the highest densities in
the fall or winter. Figure 5.4.1 shows the monthly variation
in density and the inflow pattern. Monthly inflow in late
1971, and early 1972 was slightly greater than the 47-year
average (195,000 acre-ft/month), with a much larger th~n

usual inflow during May ofI972; thereafter, infl~ws re­
mained near the median monthly value (119,000 acre-ftl
month) until the end of the study.

Montagna and Kalke (1989b, 1992) compared the
effects of freshwater inflow on meiobenthic populations in
the Guadalupe and Nueces estuaries. The Guadalupe study
took place in 1987; four stations were sampled in January,
April, and July, two in the upper ponion ofthe estuary, and,
two in the lower ponion, east of the Intracoastal Watetway.
In January, meiobenth~swas about eight times as abundant
at the lower bay stations as at the upper-bay stations (about

For the entire year, the average density ofmeiobenthos
, in the Guadalupe Estuary was four times as great at the lower
bay stations as at the upper bay stations, 700,000 individu­
als/m2 for the whole estuary (Montagna and Kalke 1989b).
This is substantially lower than the average density of
5,800,000 individuals/m2 measured by Rogers (1976).' Fig­
ure 5.4.1 shows the average meiofaunal densitY for the entire
estuary, and the inflow pattern for the six months before the
sampling period. 1986 was slightlywetter than average, with
an unusual inflow ofmore than 500,000 acre-ft occurring in
December; January, February, and March of 1987 also had
atypically high inflows. The largest monthly inflow on
record, 2,457,912 acre-ft, occurred in June 1987, and J~ly

and August had unusually high inflows as well. Salinities at
the upper bay stations averaged 1.4%0 during the six-month
sampling interval; low~r baY:'stations ranged from 4.1 to
13.20/00 in winter and spring, and were about 10/00 in July.

The lower bay stations of the Nueces Estuary in 1988
had higher meiobenthic densities than the upper bay sites,
and the densities at most marine stations were 2.5 to 7 times
higher than the upper bay sites (Montagna and Kalke 1992);
the average meiobenthic density was about 1,300,000 indi-

.: viduals/m2. Salinities during the Nueces benthic sampling
,in 1988 ranged from 27 to 450/00, much higher than the
salinities in the Guadalupe Estuary the previous year. Figure
5.4.1 shows the inflow that occurred in the Nueces Estuary
from June 1987 through August 1988; Infl~w inJune 1987
was 535,991 acre-ft, more than 66% ofannual inflow for the
year. ,After this flood, inflows remained extremely low
through the end of the sampling.

Taxonomic groups of organisms th;t ~'ake upth~
meiobenthic community varied, depending on the freshwa­
ter inflow regime and the salinity characteristics of the bay
system (Montagna an:d Kalke 1992). In the Guadalupe
Estuary in 1987to nematodes constituted about 60% of the
individuals ofthe lower bay stations, but only about 35% of
the individuals of the upper bay stations; ~he high levels ?f
inflow and low salinities hada greater effect on ne~at~des

than other meiobenthic gro~ps. There was also a surge of
recruitment of juvenile mollusks,at the upper bay stations
associated'with the infl~w pulse. In the Nueces ,Estuary in
1988, nematodes. constituted about 50% ofthe indi~iduals,
at ~pper bay s~atio~s an~ ~ne of the lower bay stati?~s. Th~
station with ,thegre~test J.TIarine influ~nce:h,!-d nem.atodes
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The 1972 Guadalupe Estuary study (Roge'rs 1976)
and the 1988 Nueces Estuary study (Montagna and
Kalke 1992) show increases in meiobenthic densitY five
to eight months after large inflows occur. Integrating
the observations for all three studies suggests an overall
cyCle for meiobenthos. Very high inflows or long'
periods of moderately high inflow may produce low
salinity conditions for several' months that reduce the
density ofmeiobenthos by eliminating individuals not
adapted to prolonged periods of low salinity. Condi­
tions become favorable for meiofaunal production, so
their density increases and' remains high for several
months. At some point, meiobenthic density declines
to lower levels and remains low until aft~r the next
major inflow event occurs. Perhaps the large input' of '
organic and inorganic matter accompanying high in-'
flows and the recycling of these materials over several
months provides the energy source for meiobenthic
density increase. Unfonunately, there is no continuous
meiobenthic record at any site to substantiate this
proposed pattern.

Effect of freshwater inflow on' consumption of
microbenthos. Montagna and Yoon (1991) studied the
production of bacteria and microbenthic algae and
their consumption by meiofauna in 1987 in the
Guadalupe Estuary. They used radioisotopes to mea­
sure the production ofbacteria and algae, and traced the
radioactive label to six groups ofmeiobenthos: juvenile
mollusks, juvenile polychaetes, and juvenile amphi­
pods, which are all temporaty meiobenthos; and
harpacticoid copepods, nematodes, and others (largely
ostracods, kinorhynchs, and' turbellarians), which are
all permanent meiobenthos. Overall, the grazing' rat~
by meiobenthos on microalgae was four times as great
as on bacteria. Juvenile mollusks consumed 39% ofthe
niicroalgae and 68% of'the bacteria; the "other"

meiobenthos consumed 33% of the microalgae.

Meiobenthic grazing rates on microalgae were 2.5
times as high at freshwater-influenced stations as at marine
stations, 'due to juvenile mollusks, "other" meiobenthos;
and; to a lesser extent, harpacticoid copepods; the grazing
rate of juvenile mollusks was more than 40 times the rate at
more marine stations. According to Montagna and Yoon
(1991), the nutrients associated with large inflows of fresh
wate~ stimulate microalgal production, and the microalgae

Grazing rates ofthe meiobenthic community on bac­
teria were 3.5 times as high at the freshwater-influenced
stations as at the marine stations. This was largely due to
juvenile mollusks whose rate of bacterial consumption in­
creased by about 30 times at freShwater-influenced stations.
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Figure 5.4.1. Density of meiobenthic species and monthly combined
inflow for the Guadalupe Estuary in 1972 and 1987. and the Nueces
Est"'!'ry in 1988. Guadalupe Estuary data are from Rogers (1976) and
Montagna and Kalke (1989a); Nueces Estuary data are from Montagna
and Kalke (l989b).

A comparison of the patterns of meiobenthic density
in these' three studies does not suggest that season is a
controlling factor. The reduction in meiobenthic density
and changes in community structure in the 1987 Guadalupe
study appear to be related to increased inflows; the decline in'
density with .large inflows is probably the result of low
salinity levels that are not tolerated by various' species;
Montagna and Kalke (1992) concluded that meiobenthos
was typically a marine com'muility and declined in density
and diversity with increasing freshwater inflow. '

comprising more than 80% of the individuals.
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polychaete
polychaete
gastropod
bivalve
bivalve
polychaete
bivalve
polychaete
polychaete
polychaete
bivalve
polychaete

Taxonomic group

Cossura tk/ta

Glycimk so/itaria
Littoridina sphinctostoma
Lyonsia hya/ina floridana '

Macoma mitchelli
Mediomastus californiensis
Mu/inia latera/is

N~rns succinea

Paranda/ia fauve/i

Paraprionospio pinnara
Rangia cuneara

Streb/ospio bcnedicti

Seienrific name

Table 5.4,2, Common species of benthic
macroinvertebrates in Texas estuaries.

Table 8 in Armstrong 1987 and other sources) lists some
common species that often dominate benthic samples. Fig­
ure 5.4.2 shows the typical range of salinity conditions for
many bays of the Texas coast (average ± one standard
deviation in each bay) and indicates the distribution of
common benthic species acro'ss this series ofbays. The wide,
range of occurrence of some species, such as the polychaete
worm, Mediomastus ca/iforniemis, and the dwarf surf clam
(Mu/inia /atera/is) is striking in Figure 5.4.2, with regard to
the range ofsalinities tl~ey i,nhabit. In contrast, the bivalve,
Rangia cuneata, and the polychaete, Hobsonia florida (not
in figure), represent species with distributions limited to
fresher bays. There is a general 'trend toward increased
import~nce ofmarine polyc~aetes i~ South Texas bays, at
least in terms of numbers of species. These are represented
by Paraprionospio and Glycintki~ Table 5.4.2. Filter feeders,

Generalpatterns ofdistribution anddiversity. There
is a group of benthic species that are prevalent in Texas
estuaries. Withit;t this group, some are better adapted to high
salinities, and others to low salinities. But in general, the
range of salinities they can tolerate is broad. These species
thrive in estuaries because they are tolerant of a wide range
of conditions or because they have adaptations to avoid
mortality from fluctuations in salinity. Table 5.4.2 (from

,from these and other studies that pertain to the influence of
freshwater inflows on benthic organisms.

Response of Macrobenthos to Salinity

are transported down the bay by the prevailing ~ater cur­
rents. The meiobenthos respond to this, c3:bundan~e of
microalgal food materials by increasing their grazing rates.

Most of the studies cited here deal with the benthos
Montagna and Yoon (1991) noted that the grazing ,< 'dclUsive Of oysters and oyster reef communities, as these

rates ofmicroalgae from this study were several times greater organisms hav:e received much attention for their economic
than other meiofauna grazing rate measurements from the importance (see Section 6.7). It should be noted, however,
east and west coasts, but bacterial grazing rates were lower. that oyster reefs and the sh~ll bottoms associated with oyster
They attributed the high level of microalgal grazingjn the reefs may enhan~e local populations of other benthic ani­
freshwater-influenced areas to the high produetio~ and mals (Holland et al. 1973; White et al: 1985).
advection of microalgae that occur during high freshwater
inflows. As discussed in Section 5.1, there does appear to be
a relationship between production and freshwater inflow up
to moderate inflows. Beyond that point, the relationship is
complicated by turbidity, displacement ofalgae by flushing,
and other factors.

Background. Benthic animals have limited mobility;
therefore, they usually serve well as indicators of environ- ,
mental conditions. In addition, many benthic species are
small, with high potential population growth rates and with
mechanisms for larval dispersal and colonization. These
features mean that the benthos are capable of a dynamic
response to environmental change within a time scale of
weeks or months. Benthic organisms are important also in
the food chain ofthe estuaty. For these reasons, monitoring
the benthos in Texas estuaries has been an important feature
of invC:Stigations.

A number of studies on Texas estuaries provide data
on the distribution and abundance ofbenthic organisms and
include analyses to identify the environmental factors that
determine these distributions. Thorough surveys ofTexas
esr,uaries and the C03$tal shelf by the University of Texas
Bureau of Economic Geology (cfWhite et al. 1983, 1985)
provide, an excellent baseline comparison of benthic com­
m,unities among the bays of the Texas coast. Their data
demonstrate that substrate type is vety important to the
distribution and abundance of benthic species. Results of
m~ny.other investigations into the benthos ofTexas estuar­
ies are presented, in Armstrong (1987) and by Kalke and
Montagna (1989). This section ~ummarizes specific d~ta

, "

The difficulties encountered in collecting and pro­
cessing sediment samples pose the main challenge to the use
ofbenthic organisms as indicators ofenvironmental change.
In the context of the analyses discussed below, the various
methods that have been used in surveys ofbenthos in Texas
bays lilpits the precision of comparisons among these data
sets. Even so, valuable qualitative and quantitative compari­
sons can be drawn from these data concerning benthic
populations over a complete salinity gradient.
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Figure 5.4.2. Saliniryunges. mean salinities (±one standard deviation) for representative bay ateas, and benthic species commonly dominant in each
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e.g., bivalve mollusks, are more dominant in norrhero Texas
bays where freshwater inflow is higher (Paul Montagna,
Universiry ofTexas ,Marine Science Institute, personal com­
munication).

o 0

302010
0.0 +---~--.,.----~";""--r---~---+-

o
Salinity (ppt)

Figure 5.4.3. Average benthic species diversiry (H ') versus average ~aliniry

fot each collection site in sevetal Texas bays; data ftOm Gilmore et aI.
(1976), Mathews et aI. (1975). Wiersma et aI. (1976), Holland et aI.
(1975). and TDWR (1981).

et al. 1976; Wiersma et al. 1976; Copeland and Fruh 1970).
Figure 5.4.3 presents long-term average'saliniry and benthic
dive~siryfor these collection sites, which span the Texas coast
from Sabine Lake to Corpus Christi Bay. The positive
relationship between benthic diversiry and saliniry shown in
this plot is also noted by Kalke and Montagna (1989).

The trend ofincreasing benthic diversiry with increas­
ing saliniry does not hold as salinities rise above marine levels
to hypersaline conditions. Establishment of hypersaline

Numerical abundance ofa species does not necessarily
equate to the imporrance of a species to the structure or
productiviry of the benthos. For example, one individual of
Rangia cuneata might equal the biomass of 100 Mediomastus
californiensis polychaetes. Colonization of the mid-Corpus
Christi Bay sediments by the acorn worm (Schizocardium)
during the spring of 1982 enhanced the biomass and abun­
dance of the entire benthos through its bioturbating activi­
ties (Flint et al. 1983). '

. To some extent, species are replaced by others with
complementary saliniry tolerances and performing similar
roles over the saliniry gradient within an estuary. There is
also a change in the numbers of species present.' In waters
approaching marine salinities, there are increased opporru~

nities for colonization ,by numerous marine species. In
contrast, the .possible pool of freshwater species to colonize
porrians of the' bays that are periodically freSh is more
limited. The result is a definite relationship betweeri benthic
'diversiry and salinitY. Diversities wer~ Cal~ulated using the
Shannon-Wiener information measure (Wilson arid Bosserr
'1971) for each benthic sample' collected by:a mimber'of
studies (Matthews et al. 1974; Holland et aI. 1975; Gilmore
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salinities are shown in Figure 5.4.4. From these relative
numbers, trends ofbenthic abundances along salinity gradi­
ents across many bays can be compared. The figure does not
show consistent trends. In some estuaries, abundances are
higher at low salinity sites, .while in other estuaries, abun­
dances are higherat high salinity sites.

A graphical comparison of average benthic abun­
dances among Texas estuaries is presented in Figure 5.4.5.
Counts were tabulated from all sites and placed irito several
salinity categories. This summaty was compiled from data
in Matthews et al. (1974), Gilmore et al. (1976), Holland et
al. (1975), Wiersma et al. (1976), TDWR (1981d), and
Cornelius (1984). Qver the period of collection in Alazan ­
Bay, Cornelius (1984) found a full range of salinity condi­
tions. Counts were highest in the range ofmarine salinities,
but moderate at brackish salinities. A similar pattern ofhigh
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Figure 5.4.5. Average benthic abundances for collections tabulated by salinity categories; references cited in text.

conditions in Nueces Bay and Baffin Bay during periods of
vety low inflow has been observed to result in loss ofbenthic
diversity (Paul Montagna, University of Texas Marine Sci­
ence Institute, personal communication).

Genera/patterns ofabundance. The abundance of
benthic animals as a group is nota simple function of
salinity. The general relationship between benthic abun­
dance and salinitywas explored through comparisonsamong
data collected in a number of investigations. Abundance
data from Texas bays was compared after transforming-the
data from each investigation into relative values. Relative
abundance for each site within an estuary was calculated as
the ratio of the average benthic abundance at that site to the
grand average abundance calculated over all sites, specific to
a given investigation; Relative abundances and average site

Figure 5.4.6. Average benthic abundances in synoptic sampling of three
Texas estuaries, from data in Montagna and Kalke (1989); in each estuary,
sites A and B represent the upper estua'ry; sites C and D represent the lower
estuary:
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Figure 5.4.7. Benthos abundance (numberlm2) at mid-CorpuS Christi
Bay station 147-3 (Holland et aI. 1975) and freshwater inflow to the
N ueces Estuary.

Figure 5.4.8. Abundance ofbenthos (number/m2) in Lavaca Bay, starion
90-2 (Gilmore et al. 1976) and freshwater inflow to the Lavaca-Colorado
Estuary.

Figure 5.4.7 shows the variation over time of benthic
abundance in mid-Corpus Christi Bay and daily inflows
(benthic data from Holland et al. 1975, site 122-6). During
1973, the records seem to show that flood flows depress
benthic populations. The population surge (n August could
be a lagged positive response to nutrients brought ,into the
estuary by the earlier high flows. During 1974; the variabil­
ity of benthic population sizes does not ind(cate a response
to inflow variation.

Benthic popul;nions in mid-Lavaca Bay seem to be
enhanced by freshwater inflows to the bay du!ing ,the first
half of 1973 (Figure 5.4.8, data from Gilmore et al. 197~,

benthic abundances in lower Corpus Christi Bay (Flint et al.
1982). The species that contributed most to this increase
were mollusks which typically reach peak densities during
the cool season. From data collected during the seven years
preceding this event, Flint et al. found other periods during
which benthic populations increased slightly in response to
freshening of Corpus Christi Bay. No other episodes pro­
duced such',a high increase, however.

abundance at near-marine salinities was seen in the Nueces
Estuary. Ranges of salinities encountered in other bays
during periods surveyed were less complete. It appears,
however, that in San Antonio Bay, abundances are consis­
tently highest at brackish salinities (0 to 100/00). Abundances
of benthic macroinvertebrates in brackish Sabine Lake and
Trinity Bay have been reported as lower than average num­
bers found in more saline bays (Copeland and Fruh 1970;
Armstrong 1987), but this co~ld be an artifact ofsampling
technique, as few collections have been made in these bays.

Omsideringall thestationswithin each estuary, benthic
abundance was highest in the Guadalupe Estuary, followed
by the Lavaca-Colorado and Nueces estuaries. Two factors
a!e cited by Montagna and Kalke (l989a) as a likely expla- ,
natiC?n for the difference between the Guadalupe Estuary
and the other estuaries. First, the Guadalupe Estuary has
high inflows in proportion to its volume (or a low residence,
time, see Armstrong 1982). This could be translated into a '
higher delivery ofnutrients to this system (see Section 4.3).
Second, the Guadalupe Estuary does not hilv,e the direct
connection with the Gulfthat the other bays have. This may
dampen the swing toward higher salinity during periods of
low inflow, swings which would destabilize the brackish
fauna of this bay.

" Benthic response to inflow events. Several benthic
collection efforts have spanned periods of high and low
inflow and documented effects on benthic populations. The
effects varied, depending on the severity ofsalinity changes
and the season. The acclimation oflocal populations was
also probably a factor.

Heavy rains in the central Texas coast during Septem­
ber 1979 caused a saliniry decrease in Alazan Bay of 330/00
(Cornelius 1984). Benthos abundanc~ in Alazan Bay
declined by40 to 89% compared to theAugust levels, almost
entirely due to mas~ mortality of the dominant dwarf surf
clam. During the remainder of 1979, benthic population
sizes remained stable, and diversity actually increased some­
what. In contrast, inflow to the Nueces Estua.ry resulting
fro~ this same rain system produced dramatic increases in

Comparisons ofbenthic populations were made among
Nueces, Guadalupe, and 'Lavaca-Colorado est~aries by
Montagna and Kalke (1989a, 1989b), on the basis ofsynop­
tic data cqllection in these systems. Results are illustrated in
Figure 5.4.6. ' In each estuary, sites A and B represent the
upper, fresher portion, while sites C and D represent the
mid- to lower estuary. Similarities were found between the

, Nueces and Lavaca-Colorado estuaries in trends ofincreas­
ing benthic abundance and biomass toward the Gulf-influ­
enced part of the estuaries. In contrast, Guadalupe Estuary
stations showed just the opposite trend.

112



10000

5000

10 2 ..

-t---..._.o...._..........---' ..............I._....... .o...._..........---''"-.....I-.~_...a._ .o...._..........__+ 15000

Benthos

Inflow

19861985
+---..-...--...-..----.--~........-..----.--.....--..---,~-.----.r-......----.r_......__+O

1987
Date

Figure 5.4.9. Abundance ofbenthos (number/m2) in Lavaca Bay, station 85 Oones et al. 1986) and freshw~terinflow
to the Lavaca-Colorado Estuary.

Discussion. In some estuaries or sections ofestuaries,
the benthos responds to increased freshwater inflows by
increases in populations. At sites with benthic fauna accli­
mated or adapted to more marine·salinities, high inflows
produced population declines. The high diversiry ofbenthic
species at near-marine salinities indicates that low salinities
are stressful to many potential colonists of the estuary from
gulf benthic communities. But some species do tolerate
those conditions and flourish. The benefits to benthic

That the previous figures do not show a consistent
response ofbenthos to freshwater inflow may be due, in part,
to the reproductive biology of important benthic species.
Benthic invertebrates typically have planktonic larvae which
settle on the sediment to develop. Good population recruit­
ment depends on the environmental conditions encoun­
tered by these larvae. Calabrese (1969) found that although
the adult surf clam has a wide salinity tolerance, successful .
development ofembryos required salinities between 15 and .
37.50/00. Therefore, the salinity regime and available nutri­
ents following times ofspawning by surf dam cohorts may
have greater impact on population sizes in coming months
than do salinity variations at other times.

Figure 5.4.iO, from collections in mid-San Antonio
Bay (station 287-2) by Matthews et al. (I 975), shows
instances during late 1972 and the early summer of 1973 in
which the abundance increases during or immediately after
an inflow peak. However, this association is not consistent;
in the fall of 1973, high inflows were associated with a drop
in benthic abundance.
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Figure 5.4.10. Abundance ofbenthos (number/m2) in mid-San Antonio
Bay station 287-2 (Matthews et aI. 1975) and freshwater inflow to the
Guadalupe Estuary.

site 150-2). High inflows in the fall, however, do not
produce high benthic populations, unless the population
peak in early 1974 is a lagged response. Using data com­
bined from several stations in Lavaca Bay, Gilmore et al.
found no correlation of benthic abundance with inflow.

Kalke and Montagna (I991) followed benthos in
Lavaca Bay through periods of high and low freshwater
inflow. Their data from upper Lavaca Bay (station 85) may
show lagged positive responses ofbenthos numbers to inflow
peaks (Figure 5.4.9) during November 1984 and June 1985.
However, the benthic response is most easily interpreted as
a population growth sequence during moderate and low
freshwater inflow periods, with dramatic decreases during
times of very high inflows.
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Figure 5.4.11, The Kalke-Montagna conceprual model ofmacrobenthos dynamics in Texas estuaries (adapted f~om

Kalke and Montagna 1989).

species capable of surviving in the low salinity waters of"
upper estuaries are probably the result of nutrient material
brought into the estuaty by inflows. The benthos of the
10\Ver estuary also derive benefits from these nutrient inputs,
but these effects are lagged or indirect (Flint 1984). "

Kalke and Montagna (1989) present a conceptual,
model ofthe trade-offberween nutrient richness and habitat
stability for estuarine benthos. Figure 5.4.11 presents their
idea diagrammatically. Typically, the hydrology of Texas'
estuaries consists ofpulses ofinflows, followed by periods of
low 'inflow (see Section 4.1). During or immediately after
high flows, a larger quantity of nutrient materials are deliv­
ered to ,the sediments. Benthic abundances skyrocket as the
low-saliniry species multiply and grow. At the same time,
other species suffer mortality from low-salinity stress,. and
diversity decreases. As ,inflows decrease and salinity in­
creases, more species can take advantage of the~vailable

nutrients. This leads to increased species diversity. ,As the,
benthos uses up available nutrients, numbers decline­
perhaps unable to match increased predation rates~to sizes
supported by inputs from the plankton'and other sources:
This conceptual model may help'explain the differences in
average benthic abundance and diversity among Texas estu­
anes.

Benthic Regeneration

The process 0/ regeneration. Benthic regeneration
starts with particulate organic matter (POM) that settles to
the bay bottom, mixing with the fine surface sediments.
POM includes: dead estuarine' organisms; organic matter
imported from rivers, adjacent bays, or the Gulf; material,
excreted by living estuarine organisms; waste materials ftom
human activities; and organic aggregates produced by physi-

cal or bacterial action on dissolved organic material (Baylor
and Sutcliffe 1963; Mann 1988). As the POM settles to the
bottom, bacteria, fungi, and protozoans inhabit the surface
of the decaying matter, slowly digesting it. Larger scaven­
gers, such as c~abs, and deposit feeders, including polychaete
worms, mechanically and chemically break the particles into
smaller pieces, digesting ~ome of the organic material, and
providing the reprocessed mat~rial as feces or pseudofeces for
further mic~obenthicprocessing.

v '.

Regeneration involves the splitting of large organic
macromolecules byhydrolysis into small organic molecules,
and the reminerali~tion of some .of this organic material
into inorganic compounds. The regenerated materials in­
clude phosphate, sulfate, silicate, carbon dioxide, ammo­
nium, nitrite, nitrate, free amino aC,ids, a'nd other di~solve4

organic forms. Regenerated inorganic materials such as
ammonium, nitrate, and phosphate are used as nutrients by
estuarine plants to support their growth an4 photosynthesis.
Some 'microorganisms directly take up amino acids, carbo­
hydrates, and inorganic forms for growth (Klump and,
Martens 1983); a few chemotrophic bacteria use regenerated
ammonium as an energy source and oxidize it to nitrite or
nitrate (Sprent 1987).

Phosphate and nitrogen compounds are usually: of
greatest interest in regeneration since'their availability: is
known to limit plant and bacterial productivity in aquatic­
environments. The regeneration ofphosphorus is relatively
straightforward; phosphate is taken up by microorganisms
and autotrophs, incorporated into their tissues, and regener­
atedas phosphate and organic phosphorus compounds
when they die. In general, the oxidation state ofphosphorus
does not change throughout the uptake-regeneration cycle.
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Table 5.4/3. ~ercent of phytoplankton demand for nitrogen that could
potentiallyhe satisfied by benthic regeneration. .

a One station, April and June 1986.
b Three stations, summer 1988.
C Three stations, ten or more sampies each, May 1981 to October

1983.
d Four stations, summer 1988.

Lavaca Bay 78 76 to 80 Jones et al. '1986 a

Guadalupe Estuary 44 29 to 72 Benner and Yoon 1989 b

N ueces Estuary 81 Flint and Kalke 1985 c
9 Flint et aI. 1986 c

38 4 to 78' Benner and Yoon 1989 d
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Figure 5.4.12. Regeneration rate in Lavaca Bay at station 85 Gones et aI.
1986) and monthly freshwater inflow. .

tion for studies in three Texas estuaries. The study by
Benner and Yoon (l989) 'corrected for regeneration thai:
occurs in the water column in the metabolism chamber; as
a result, their figures are more indicative ofbenthic regenera­
tion alone than the other two Nueces Estuaty studies cited
in the table. Benner and Yoon's estimates of38 and 44% are
very similar to the 40% average calculated from Nixon
(1981).

It is possible to evaluate the relative importance of
regeneration by.comparing the deman'd for nitrogen from
phytoplankton with the regeneration rate. Nitrogen de-·
mand (gm N m-2 day-I) can be estimated by multiplying net
phytoplankton primary productivity (gm Cmc2 day-I) by'
the ratio ofcarbon to nitrogen found in healthy p~pulatioris

of phytoplankton (Redfield et al. 1963). Regeneration
could potentially satisfY about 40% (range, 0 to 200%) of
the phytoplankton demand for nitrogen in 13 coastal Sys- .
tems reported by Nixon (l981). Table 5.4.3 shows how'
much ofthe demand could be satisfied by benthic regenera- .

Bay or e'stuary

'Nitrogen is considered to be the nutrient in s~ortest

supply in coastal waters (Ryther and Dunstan 1971};konse­
quently, it has received the most study. Hydroiysis 'of
prot~ins into amino acids and nitrogenous bases, and their
deamination (release of ammonium) under aerobiCcondi­
tions produces much of the regenerated nitrogen, bu,t other
biochemical reactions involving microorganisms in the aero- .
bic and anaerobic layers of the sediments complicate nitro­
gen recycling. Nitrogen may exist in at least seven different
oxidation states in estuarine water and sediments, ranging
from its most reduced form, ammonium, to its most oxi­
dized form, nitrate (Webb 1981). Regenerated ammonium
may be oxidized to nitrite or nitrate, which can be used by
phytoplankton and bacteria; regenerated ammonium and
free amino acids may be adsorbed onto sediment particles
and released to interstitial waters at a later time, or remain
fixed and buried with the sediment (Rosenfeld 1979). A
portion ofthe regenerated nitrate may be reduced by bacteria
back to ammonium and then be taken up by other microor­
ganisms to support their growth; some of the nitrate and
nitrite may be denitrified by bacteria to form nitrogen gas or
nitrous oxide which eventually escapes to the atmosphere.
Factors such as temperature, salinity, reduction-oxidation'
potential ofthe sediment, water depth, rate ofsediment and
organic material deposition, nutrient loading ofinflowing
water', a'nd benthic community composition' all influence
the many different pathways of oxidation and reduction of
nitrogen compounds, and complicate attempts to analyze
and explain observed rates of regeneration.

Regeneration takes place in the water column as well
as in the bay sediments. Nixon (l981) pointed out that a
major difference between coastal marine systems and open
sea systems is the influence the benthos has on regeneration.
Benner and Yoon' (l989) .measured water column and
benthic regeneration at several stations in the N Ulices and
Guadalupe estuaries. The contributions by each of these
processes to regeneration were about equal· and within the
range of regeneration rates for other estuaries. Their mea­
surements were consistent with NixOli's (1981) observation
that one quarter to one halfofall the organic production and
loading in shallow coastal marine systems was mineralized
by the be~thos. .

Importance a/regeneration tophytoplanktonproduc­
tion. Nixon (l981) attributed the relative shortage of
nitrogen (compared to phosphorus) in coastal ecosystems to
losses from denitrification that occur in the anaerobic benthic
sediments. Other losses ofnitrogen from the system include
export to the sea or adjacent bays, burial, and harvest
(sections 5.5 and 7.3 deal with these processes in more
detail). The effect of these losses on phytoplankton and
bacterial production is diminished due to the regeneration of
nitrogen from particulate organic matter:
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Montagna and Yoon (1989) also measured regenera­
tion in the Guadalupe Estuary in November 1986 and
January, April, and July 1987 (Figure 5.4.14). Inflows
during that period were very high. Except for May of 1987,
all other months had inflows higher than average, and June
had the highest m~nthly inflow measured in the 47-year
inflow record. It is interesting to note that the decrease in '
regeneration rates in January occurred after a several-month
period of high inflows, and the decrease in July occurred
after a month of extremely high inflows.

These four studies were not entirely comparable and
were different with respect to duration, spatial coverage,
measurement method, and length of time between samples.
However, when considered together, they suggest a possible
pattern of regeneration with respect to inflows. Periods of
three or more months with low inflows result in low regen­
eration rates, sometimes even uptake of ammonium by the
sediments. Ifa period oflow inflow and low r~generation is
followed by a moderately large freshwater inflow pulse,
r~generation increases substantially. If the inflow pul~e is
very la~ge ~r is followed by other large pulses in succeeding
months, regeneration declines. The pattern suggests that
freshwater inflow pulses may turn on or turn offhigher levels
ofregeneration,' depending on the timing and quantiryofthe
inflows. The data do not indicate how long regeneration

Figure 5.4.14. Average regeneration rate in the Guadalupe'Estuary
at stations A and C (Montagna and Yoon 1989) and monthly
freshwater inflow.

biomass of benthic species and regeneration rates at the
Nueces arid Corpus Christi bay stations.

Montagna and Yoon (1989) measured regenerarion
five times in the Nueces Estuary, from November 1987
through May 1988 (Figure 5.4.13); this was a period of

very low inflows to the estuary. Regeneration was negative
for the first three sampling periods-sediments took up
more ammonium from the water column than they regener­
ated. While there was a net ammonium flux from th<;
sediments in April and May, the regeneration rate was quite
low compared to other measurements.
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Effects ofinfWw. Measurements ofregeneration over
a range ofinflow conditions have been made in sev~ralTexas
bays and estuaries. Jones et al. (1986) measured regenera­
tion in 1985 and 1986 in Lavaca Bay, near the mouth of the
Lavaca River. Theinflowof1.71 millionacre-ftin 1985 was
greater than average (exceedance probability 31 %) while the
inflow of 1.01 million acre-ft in 1986was less than average

JU-l~...L--JP.u-_Jr:>~...,.,.L.:.4-t::.;-liL.,!" ......--+o
1980 1981 1982 1983 1984 1985 1986 1987 1988 1989

Year

(exceedance probability 64%), Figure 5.4.12 shows the
reg~ne~ation rate measurements compared with monthly
inflows. The early peak in regeneration in March of 1985
occurred during a high inflow period, but the lowes't regen­
eration rate occurred the following month, when monthly
inflow was even higher. There was only a modest decrease
in benthic st~nding crop (abundance) and benthic biomass
accompanying the sharp decline in regeneration, but the
abundance ofa few species such as the polychaete, Streb/ospio
benedicti, and the pelecypod, Macoma mitchel/i, did decrease
by more than 50% Oones et al. 1986). Regeneration
r~mained low through the summer of1985 and began to rise
t9 a peak in February of 1986, after which it declined.

Figure 5.4.13. Average regeneration rate in the Nueces Estuary (Flint et
aL 1983; Flint and Kalke 1985; Flintet al. 1986; and Montagna and Yoon
1989) and' monthly freshwater inflow.

Regeneration in the N ueces Estuary from April 1981
through October 1983 was reporred by Flint, Kalke, and
~cCoid (1983), Flint and Kalke (1985), and Flint et al.
(1986). The average regeneration at two bay stations from
these studies is compared to the inflow pattern in Figure
5.4.13. Inflow in 1981 was six to eight times the inflow in,
1982 and 1983 (1.2 million acre-ft versus 215,000 and
150,000 acre-ft) and was substantially greater than the
median inflow of 414,000 acre-ft. Flint and Kalke (1985)
pointed out th~t the peaks in regene~ation occurred in July
of each year and, were associated with freshwater inflow
pulses, 3.lthough Figure 5.4.13 shows that not every inflow
pulse was accompanied by elevated regeneration rates... With
the limited amount ofregeneration information available, it,
is hard to say if the peaks are related to season or inflow.
There was not a strong correlation between the number and
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Regeneration appears to be influenced by freshwater
, inflow: in some cases, high regeneration rates occur during
and immediately after high inflows; however, prolonged or
unusually high inflows may be accompanied by very low

, regeneration rates. Integrating benthic abundance, commu­
nity structure, regeneration, and other processes will require
astudy over several years ofthese components, with frequent
sampling that includes a range of inflow regimes.

may continue after a single pulse, but this may be irrelevant
since. the usual pattern of inflows is an irregularly spaced
sequence of pulses. While it seems possible that there is a
relationship between inflow and regeneration due to the
coincidence offlow and regeneration peaks, it is not a clean­
correspondence; the ~ffects ofseason may also confound the
relationship. While the pattern described here is plausible,
the duration of studies and frequency of sampling is such
that the data do not provide definitive confirmation. More­
over, regeneration is not well correlated with the abundance
and biomass patterns of macrofauna, and meio- and
microbenthos population data 'are inadequate to support
such a hypothesis. Billen's (1978) study of recycling in
North Sea sediments showed that about 80% of benthic
recycling was due to meio- and microbenthic organisms. If
the same relationship held for the benthos ofTexas estuaries,
large changes in regeneration rates would have parallel
changes in meio- and microbenthic populations. '

Conclusions

Benthic populations and benthic processes appear to
be affected by freshwater inflow. There is some evidence to
suggest that microbenthic bacterial densityvaries with fresh­
water inflow, although further study will be needed for
confirmation. Meiobenthic density and community struc-

, ture is definitely influenced by freshwater inflow; high
inflows result in overall decreases in meiobenthic density
and diversity, decreased density ofnematodes, but increased
density of juvenile mollusks. Recovery and expansion of
meiobenthic populations may occur some months after
inflow pulses, although this will require more extensive
observation for confirmation. The rate of consumption of
bacteria and microalgae by meiobenthos increases dramati­
cally after inflow pulses, stimulated by high levels ofbacterial
and microalgal production.

Macrobenthos species have tolerances to broad ranges
,ofsalinity, although some species are adapted to high salini­
ties and others to low. Generally, benthic diversity increases
with salinity; for estuaries with free access to the Gulf,
abundance and biomass tends to increase along the axis
toward the Gulf. The opposite trend was found in the
Guadalupe Estuary, which has indirect connection to the
Gulf through other bays. There are examples of dramatic
increases and decreases in macrobenthic abundance with
inflows; this is most likely related to the type of benthic
community in place. High diversity macrobemhic commu­
nities adapted to near-marine conditions are severely stressed
when salinities fall to low levels during large freshwater
inflow surges. But communities adapted to brackish condi­
tions or species that can tolerate low salinities may flourish
due to the increased nutrient load carried to the estuary by ,
the inflow. '

5.5 INFLUENCE OF FRESHWATER INFLOWS ON
NUTRIENT CYCLES

Introduction

Carbon, nitrogen, phosphorus, and other nutrients
undergo cycles in estuarine ecosystems in which the ele­
ments exchange many times between trophic -levels (i.e.,
different members of the food chain) before being lost from
the system. From analyses comparing phytoplankton nutri­
em demands with nutriem supply, it is clear that in many
estuaries much of the nitrogen which is incorporated into
phytoplankton biomass has been recycled rather than newly
brought irito the estuary (cf.Flim 1984; Benner and Yoon
1989). In systems that are relatively stable or that exhibit
predictable patterns of physical and chemical variation,
nutrien~ cycling accounts for an efficient utilization of
avail~blenutriems. In estuari~s under physical or chemical
stress or experiencing a major salinity transition, the path­
ways of nutrient cycling may be disrupted and the system
may not be as efficient in using nutrient inputs (Edwards
1981). Texas estuaries experience both perturbation 'arid
stability in nutrient cycling, depending on the area and time.
Fluctuation in freshwater inflows is one of the major per­
turbing influences. This section discusses the relationships
offreshwater inflows to estuarine cYcles ofca~bon,phospho­
rus, and nitrogen, with most emphasis on the nitrogen cycle.

The Carbon Cycle

Dissolved carbonates in seawater and carbon dioxide
in the atmosphere serve as major sources and sinks for
available carbon in estuaries. Studies ofcarbon cycling deal
mainly with organic carbon fixed by photosynthesis, which
serves as the basic fuel for secondary productiviry in estua­
rine ecosys~ems. ' ,

Differences among Texas estuaries in aspects of their
carbon cycles could develop from differences in their pre­
dominant sources of fixed carbon. As discussed in Section
5.6, terrestrially derived carbon may be more important'in
estuaries which receive high inflows, such as the Guadalup~

Estuary, th~n in low inflow estuaries such as the Nueces
Estuary. ' Figure 5.5.1, modified from a figure presented by
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The Nitrogen Cycle

Figure 5.5.2. General diagram ofcompartments and flows of the nitrogen
cycle in an estuary. Sizes of boxes and arrows reflect typical relative
magni~udes of rates and masses. Figure based o.n Nixon (1981).

al. (l989) found no significant associa~ion between inflow
rate alld phosphorus flux from the sedi~ent in N ueces and
Guadalupe estuaries.
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Figure 5.5.1. Organic carbon flow in the Nueces Estuary. Masses are in
gm C/m2; rate of production and flux are in units gm C m-2 yr-1. Figure
m~dified from Flint et aI. (1983). .

Flint et al. (I 983), displays the movement ofcarbon am~ng

components 9fdie N ueces Estuary. In estuaries ofthe upper
Texas coast, the quantities associated with seagrass would be
much smaller, while materials derived from phytoplankton
would be greater (Armstrong 1987). In all Texas estuaries,
periodic floods provide large quantities ofcarbon associated
with ~errestrial detritus.

The Phosphorus Cy<:le

Generalfeatures. Major components ofthe nitr~gen
cycle in estuaries are diagrammed in Figure 5.5.2, based on
the conceptual form present~dby Nixon (l981). The size of
boxes and arrows illustrate the. rel.ative importance of the
parts based on recent research in Texas estuaries. Phyto­
plankton uptake of dissolved nitrogen is the major process
bringing dissolved inorganic nitrogen into the food chain in
most bays, although seagrasses and macroalgae contribute
greatly in some bays (Armstrong and Gordon 1979; Dunton
1989). Bacteria, fungi, and protozoa help make nitrogen
from terrestrial, marsh, a~d seagrass detritus available to
phytoplankton. Losses of nitrogen from tl)e system include
burial in the sediments, export and advection out qf the'
estuary, and loss to the atmospher~through d.enitrificat!on.

Ph~sphorus is very. impo~ant in the. control of pro­
ductivity in freshwater ecosystems. In estuaries? however, it
is not as important over the long term as nitrogen. Adsorp­
tion-desorption reactions of phosphorus with suspended
days and organic particulates play an important role in
keeping phosphorus available in the estuary. Phosphorus
follows basically the same path as carbon in t~e. estuarine
system, except that the sediment serves as both a sink,and a
source, depending on fluctuations ofphosphorus conq:nrra­
tions in the water column and rates ofsediment resuspension
(Pomeroy et al. 1965; Montagna et al. 1989). Mont~gn~ et

Nitrogen loss thr~ugh denitrification. Denitrification
iHhe biochemical reduction of available nitrate and ni.trite
to biologically unavailable nitrogen ga's by bacteria. Bacteria

'. use these oxi'dized nitrogen compounds as electron recept~rs
In. their respiration. Denitrification occurs in anoxic sedi­

>n:ents that have nitrate in the sediment porewater (Seitzinger
..L988) .. Nitrate and nitrite are present in the porewater as the
fesul~ of a second bio~hemiPJ p~ocess in the sediments,
nitrification. In the latter process, ammonium (derived
from the catabolism or breakdown ofdead organic mat~~ial

in the sediment) is oxidized to form nitrate arid nitrite:
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Figure 5.5.3. Nitrogen cycle components in the Guadalupe Estuary
during average conditions. Units are lllI-atll for masses and lllI-a~ I-I day
I for rates. -
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The nitrogen gas that is formed as the result of,
denitrification is dissolved in the estuarine water and
diffuses to the atmosphere where it is lost from the
estuarine nitrogen cycle. Denitrification can result in
significant nitrogen losses from estuarine systems. For
example, Smith et al. (1985) estimated that 50% of
riverine nitrogen entering Four League Bay in Louisiana
was lost to denitrification.

Exchange between the planktonic and benthic
parts of the estuarine system (lower row in Figure 5.5.2)
are very important in Texas estuaries. Unfortunately, it
is difficult to measure some basic processes such as
sedimentation, and it is difficult to monitor the move­
ment of nitrogen between the functional compartments
of the sediment. We do know that the processing of
nitrogen in the sediment can be greatly influenced by the
activities ofbenthic clams and worms that mix the upper
level of the sediment (Blackburn and Henricksen 1983;
Flint et al. 1983; and Section 5.4).

In many estuaries, deltaic marshes and salt marshes
that fringe the bays play a long-term role in nutrient
cycling. During some seasons and tidal conditions they
convert dissolved nutrients- into biomass; under other
conditions, they affect a net release of nutrients to the
bays through tidal exchange. Studies have been done to
quantify rates of nutrient processing by salt marshes (cf.
Armstrong et al. 1975). However, with the relatively
small tidal amplitude along the Texas coast, the tidal
ex~hange of materials between marsh and bay is not as
important to the entire system as is the case in some other
coastal environments.

Feedback loop. The standing stock ofphytoplank­
ton and zooplankton at anyone time is small relative to
other components of estuarine systems. Figure 5.5.2,
however, shows a major loop of nitrogen through oth~r

constituents ofthe system, feeding back to the planktonic
producers as dissolved nitrogen. This feedback loop is the
essential element of recycling and maintains high pro­
duction rates in the plankton. Within the plankton, rates
of nutrient uptake, growth, herbivority, and carnivority
are high. Thus, the planktonic processes are analogous to
small, quickly turning gears driving the larger wheels of
a complex machine.

Recent studies ofnitrogen processes in Texas estu­
aries have greatly increased the understanding of rates of
material exchange among nitrogen cycle compartments.
In the following discussion, the results of these studies are
presented in the context of the influence of freshwater
inflows on the nitrogen cycle.

Figure 5.5.4. Nitrogen cycle components in the Nueces Estuary during
average conditions. Units are lllI-ar/l for masses and lllI-ar I-I dayl for
rates.

Comparison ofGl;UZdalupe and Nueces estuaries. El­
ements of the nitrogen cycle in the Guadalupe and Nuec~s

estuaries ha":t? been synthesized by Whitledge (1989); The
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Figure 5.5.5. GuadaiupeJ~sruarynitrogen cycle, average conditions, with
flows normalized to the rate ofN input from terrestrial sources, and'masses
normalized to the mass of N dissolved in the water column.

Figure 5.. 5.6. ,Nue~es Estuary nitrogen Cycle, average, conditions, with
flows normalized to the rate ofN input fr~m terrestrial sources, and masses

, normalized to the mass ofN dissolved in the water column.

contrast in rypicalJreshwater inflow volumes to these two
estuaries is great. Consequently, one way to asSeSs the
influence off~eshwat'er inflows on estuarine nutrient cYcling
is to compare the differences in aspects of cycling between

Unfortunate!y for this comparison, the results ofthese
studies may not represent an 'average, long-term difference
between these estuaries. The Guadalupe Estuary w~ stud­
ied during a period of higher-than-normal inflow (1987),
whereas the Nuc;ces Estuary'was studied during low inflow
conditions (1988). Further complicating the comp:irison,
the Nueces estuary had received flood-flow inputs during
the year previo'us to the measurements. N ueces data may
therefore be more indicative of the long-lasting influence of
an input event rather than of normal nitrogen processing.

In figu'res5.5.5 (Guadalupe Estuary) and 5.5.6 (Nueces
Estuary), nitrogen masses and exchange rateS (from Whitledge
1989) have been normalized to facilitate comparison. Ex­
change rates were normalized to the rate of surface water
input and are expressed as the ratio ofmeasured daily process
rate to the 'rate of ~he nitrogen input from combined fresh­
water sources. Masses were normalized to the mass in the
dissolved nitrogen pool. Therefore, storage and flow quan­
tities in the figure are dimensionless ratios, not actual load­
ing values. But this procedure enables us to Clearly see
differences between the systems. Notice that, with the excep­
tion of macrophytes, the normalized nitrogen masses in the
biological compartments are similar in the two estuaries. In
contrast, the flux rates are generally much higher in the
Nueces Estuary'than in the Guadalupe Estuary. Both'the
flux l:>etween dissolved nitrogen and phytoplankton and the
flux between pelagic bacteria and dissolved nitrogen are two
orde'rs' of m~gnitude higher in the Nueces than in the
Guadalupe Estuary. This indicateS much higher rates of use
of regenerated nitrogen in the Nueces Estuary. Relative to

the rates of input from outside the system, rates of
remineraIization and denitrification are higherin the N ueces
Estuary, even thou'gh the absolute' mass of nitrogenous
materials proceSsed is greater in the Guadalupe Estuary.
Two reasons may account fOf this: in the Guadalupe'Estu­
ary, 'biological processes may be ovetwhelmed by physical
flushing and sedimentation rates; or, in the Nueces Estuary,
conditions may be more stable, allowingrhe development of
an efficient chain of nutrient processes.

therti. 'Figures 5.~.3 and 5.5.4 are diagrams of the nitrogen
cycle during average inflow conditions in the Guadalupe and
Nueces estuaries, respectively, adapted from figures in
Whitledge (1989r As in most estuarine studies, more is
known ab6u~ processes and quantities of the dissolved and
planktonic parts of the cycle.' The Guadalupe Estuary
(during the 1986 to 1987 study period)' received almost ten
times the nitrogen input as the N ueces Estuary (1987 to
1988 period), due to a much larger riverine inflow. This
difference in .nitrogen loading, however, does not simply
translate i'nto equivalently larger rates and quantities within
the eritire cycle, as shown in the following analysis.
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provide a contrasr between nirrogen processing in an estuary
during seasons ofvery different nitrogen input rates. Figures
5.5.7 (no~mal inflow) and 5.5.8 (high inflow) display differ-

~ .
ences in the nitrogen cycle in the Guadalupe,Esruary during
these two periods. Data are from figures in Whitledge
(1989), normalized to input, rates and water column dis­
solved ,nitrogen mass.

Nitrogen .masses within compartments during the
high inflow period:are higher than during the period oflower
input rates. This could be in part a function of seasonal
differences in biological population growth rates since the
normal inflow oq::urred in N'ovember, while the high infl.qw
condition occurred in Juiy. Rates of.nitrogen processing
appear to be substantially higher during the normal inflow
period t~an during the period of high freshwater inflow.
Since the high inflow period represents a major flood,
physical re~oval of organi;ms or low saliniry~'tress 'on the
estuarine biota may have reduced the effi(;iency of the
cycling interactions during this period. . .

Figure 5.5.7. Guadalupe Estuary nitrogen cycle, normal freshwater inflow
conditions, with flows normalized to the rate ofN input from terrestrial
sources, and .masses normalized to the mass of N dissolved in the water
column.

Figure 5.5.8. Guadalupe EstUary nirrogen cycle, high freshwater inflow
conditions, with flows normalized to the rate of N input from terrestrial
sources, and masses normalized to. the mass of N dissolved in the water
column.

Contrll$t between high IJnd low inflow conditions.
Duringtheperiod ofthe Guadalupe Esruary srudy (fall 1~86
rhrough summer 1987), rhe inflows ro rhe esruary shifted
from normal to very high. Data collected during this period

Other sections in chapters 5 and 6 discuss the influ"
ence ofsalinity variations and inflow fluctuatio~s on plank,­
ton, benthos, shellfish, and finfish. Nitrogen cycling iSil
system activity, involving all trophic levels; the effects .of
inflow variation on any part of this ecosystem.could affect
processing of this nutrient. Since microbial a~tivity is ,so
important in nitrogen dynamics, the following gisc~s;onof
the influence of inflows and salinity variation emphasizes
effects on microbial activities.

Nitrification. For th~ Potomac Esruary, Elkins et al..
(1981) showed evidence that at high inflow rates, the second
parr of the nitrification process--oxidation of nitrite to
nitrat~--.,.-wasinhibited. Because nitrite is more reactive than
nitrate, they suggested that the inhibition could be impor­
tant to the estuarine nitrogen cycle, possibly permitting

Inflow Effects on Nitrogen Processes

Denitrification. The strongest determinant of deni­
trification rates reported by Benner and Yoon (I989) was
temperarure; rates were higher during the summer. They
reported no correlation between denitrification rate a~d

salinity at the sampling date a~d location. In addition,
denitrification rates determined for sites in the Guadalupe
and N ueces esruaries were very similar (Benner 'and Yoo~

1989). Since these estuaries display different average salinity
regimes, this also sugg~sts that 'denitrificinion rates in Texas
bays may not be influenced by·salinity. The upper estuary,
sites were found to ha~e higher denitrification rates than sites
farther downstream, but this probably reflects ~ greater
availability ofnitrogenous substrates in the upper estuary, as
opposed to more favorable salinities.
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higher rates of sedimentary denitrification. limited mea­
surements ofnitrification in San Antonio Bay did not show
inhibition' of nitrification following floodwater inflows
(Benner and Yoon 1989).

Water column nitrogen regeneration. The processes
ofnitrogen uptake by phytoplankton and nitrogen regenera­
tion by zooplankton and pelagic bacteria appear so closely
coupled that measurable concentrations of dissolved nitro­
gen may remain low in bay waters even when phytoplankton
show strong growth (Nixon and Pilson 1983). Rates of

. water column regeneration were similar in Nueces and
Guadalupe estuaries, and wirhin the range of rates reported
for many other estuaries (Benner and Yoon 1989). At sites
farther from the river mouth, nitrogen regeneration in the
water column contributes as much or more a~ailable nitro­
gen than benthic regeneration (Benner and Yoon 1989).

Benthic ammonium flux. Montagna et al. (1989)
reported no difference in benthic ammonium flux between
dates and st~tions in the Guadalupe Estuary. There was no
correlation between rates and salinitY. Benner and YoOJ~

(1989) found no large differences in benthic flux between
the Guadalupe and Nueces estuaries. However, Montagna
et al. (1989) stated thatthe Guadalupe Estuary had a higher
potential for response to nitrogen inputs than the Nueces
Estuary, since the former had higher benthic populations.
Therefore; the major influence of freshwater inflow on
exchange of ammonium from sediments to the water col­
umn may be indirect, as the inflow affects populations of
benthic organisms.

Conclusion

Recent studies have quantified many aspects ofcarbon
and nitrogen cycling in Texas estuaries. Major influences on
these cycles include the external supply of detritus, and the
exchange between benthos and planktonic communities.
Rates of processes important to nitrogen cycling were ob­
served to differ in the Guadalupe Estuary between high-flow
and low-flow periods. In general, nitrogen flux rates be­
tween compartments were higher per unit ofnitrogen input
during normal inflow than during high-inflow periods. In
contrast, nitrogen masses in system compartments were
greater per unir of dissolved nitrogen in the water during
high-inflow periods than during low-inflow periods.

Differences in process rates were also observed be­
tween the fresher Guadalupe Estuary and saltier Nueces
Estuary. Fluxes between estuarine system components per
unit of nitrogen input were higher in the Nueces Estuary
than in the Guadalupe Estuary, although nitrogen masses
per unit of dissolved nitrogen were about the same for the
various system components (except macrophytes): It is

difficult to determine from current information whether
these differences can be attributed,to a controlling influence
of fr~sh water on the biological system, or to an adaptive
response of the biotksystem to the availability ofnutrients.
The features of the nutrient cycles that demonstrate an
estuary's response to changing volumes offresh water may be
the most characteristic features in Texas estuaries.

5.6 INFLUENCE OF INFLOW ON CARBON
INPUT FROM DELTAS AND UPLAND AREAS

Introduction

, Previous studie~. In some previous studies of Texas
bays, efforts were made to measure the movement of dis­
solved' and particulate organic and inorganic lJlaterial be­
tween delta wetlands and the bay waters. Laboratory studies
were undertaken to measure the exchange between delta
marsh plants and soils and the floodwater draining from the
marshstirface (Armstrongetal. 1975; Dawson and Armstrong
1975;-Armstrong and Brown 1976; Armstrong and Gordon
1977a, 1977b; Arinstrong et" al. 1977).10 addition, field
studies of exchange were done in the Trinity ·River Delta
(Belaire and Price 1977) and in the Lavaca, Guadalupe, and
Nueces river deltas (Wiersma et al. 1977). , No consistent
pattern ofmovement ofmaterials between the marsh and the
bay waters was seen. Some materials were imported into
various marshes but exported from others; some materials
were imported during one or more seasons of the year but
exported during other 'seasons. It is possible that most
material movement is episodic, occurring during major
floods or storms,but flO direct measurements are available to
substantiate this possibility.

The lack ofa consistent patt~rnofmaterial movement
is not unique to the delta marshes ofTexas bays: In a review
of 20 years of research on the role of marshes in "esttiari'ne
productivity and water chemistry, Nixon (1980) noted that
there was no consistent evidence that marshes were strong
sources or sinks for nutrients in coastal nutrient cycles. The
flux of materials in areas with strong tidal ihflue~ce was not
as large as originally thought, so the lack of clear exchange
patterns in Texas bay delta marshes that have low tidal fluxes
is not surprising. Most studies have measured very small
changes in the concentration of materials moving into and
out of marshes from one tidal cycle to'the next, and,have
estimated ,flood and discharge volumes to calculate mass
exchange. These estimates may be subject to large errors
(Nixon 1980). In addition, the small calculated exchange
quantities can be overWhelmed' by large flows: that occur
during storms and floods when'it is very difficult to assess
transport.
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Most studies have focused on the role that a,djacent
wetland areas may play in supplying carbon to the bays.
Only a few studies have considered the effect that terrestrial
carbon from upland sources may have in bay ecosystem
operation.

tracing the sources ofcarbon in the bay is an attractive'tool
and might provide important insights into bay functioning.

Carbon Sources and Use in Lavaca, San Antonio,
Nueces, and Corpw Christi Bays

Carbon isotopes ofbay-bottom sediment, suspended
particulate organic matter (POM), fish, and shellfish were

Table 5.6.1. Areas and combined plant community al3c values 'for
organic material available for export from 'rhe Lavaca, Guadalupe. and
Nueces deltas. Based on area. quantity of exportable dry organic marrero
and species composition information from Adams (1977) and Wiersma et
aI.(l977); a13c values for individual species from Haines (1977). Fry and
Sherr (1984). Jones et aI. (1986). Pulich and Scalan (1987). Parker et aI.
(1989). and W.M. Pulich (Texas Parks and Wildlife Department. Austin.
Texas; pers. com.).

Long-t~ input to the sediment. The Lavaca,
Guadalupe, and Nueces river deltas have marshes ranging in
size from 3,322 to 5,014 ha (8,208 to 12,390 acres, Table
5.6.1). Rivers generally transport carbon from terrestrial
sources with aBc values ranging from -30 to -25. Marsh
plants, however, do not have uniform a Be values; the ratios
ofsome plants are in rhe -27 to -24.5 range, while others are
heavier, in the -15 to -11 range. More than 70% cif.th~·area

and exportable plant biomass in the three deltas is from
wetland plants with aBc valties in the -15 to: f1 rang<;.
When information derived by Adams (1977) ,and Wiersma

• • • 1 •

measured in Lavaca Bay by Jones 'et al. (1986), and in San
Antonio, Nueces, and Corpus Christi bays by Parker et al.
(1989). Because sediment accumulates through time, the·
a Be of bay-bottom sediment is a long-term indicator of
input of various carbon ~ources into the bay. The al,3e of
POM is a short-term measure of the bay carbon sources; the
carbonmay come from recent phytoplankton production or'
be imported organic marter from the river, marshes, adjacent
waters, .or a combination of these sources. Organisms
generally reflecrrhe a 13C oftheir foods, although biochemi­
cal processes during ~Imilation andmet~bolism~esult in
slightly more negative a 13C val~es f(jr organisms than their
foods. Since fish. and s9me shellfish are m~bile and usually
selectiv'e of the materials they ingest, their a Be valu~

indicate their food sou,fce or rhe habitat in which tl1ey live.

Stable isotope methods. To avoid some of the short­
term measurement problems, stable isotopes have been used
to measure material movement over a longer term. Carbon
has two stable forms in nature, l2C with an atomic weight
of 12 and BC with an atomic weight of 13; about 99% of

, the world's carbon is l2c. It is possible to accurately
measure the ratio of these two isotopes in any organic
material with specialized analytical equipment. Measure­
ments are usually presented as a BC units, the difference in
parts per thousand between the isotope tatio ofa sample and
the ratio ofa particular limestone used as a standard by most
laboratories. Negative values, ofa 13C mean that th~ sample
contains less 13Cthan the st~ndard. The more negative the
value, the less Be it contains; the more positive the value,
the greater BC it has.

Plant species have distinctive a Be values that are
related to each species' physiology and habitat. Many
terrestrial species have a Be values of -30 to ~25,phyto­

plankton have values of-22 to -18, benthic algae have values
of-20 to -13, many wetland species have values of-15 to -11,
and seagrasses have values of-12 to-6 (Fry and Scherr 1984).
Because of the differences in isotope ratios of plant groups,
it is theoretically possible to use the ratios ro trace the
movement and distribution of plant organic material)n the
bays. For example, ifa bay has two major sources ofcarbon,
terrestrial carbon (-30) that is carried into the bay with river
flow and phytoplankton produced in the bay (-20), the
organic carbon in the sediments will show a gradient ofa 13C
values from the river into the bay between thes,e two ex­
tremes.

While this tracing method appears simple in concept,
interpreting the results can be complicated. If carbon
sources in a bay have three or more distinct isot~pe ratios
(-30, -20, and -10, for example), it may be impossible to
distinguish a mixture of carbon from the two extreme
sources (-30 and -10) with carbon from the third source
(-20) with~ut additional information. The isotoperatios of
the source materials also ~ay change over time. For ex~

ample, the isotope ratios of the major chemical components
of smooth cordgrass (Spanina alternif/ora) detrirus are not
uniform (cellulose = -11.8, hemiceliulose = -11.6, and lignin
= .-17.4; Benner et al. 1987). Since lignin decays mor~ slo~ly

than the other components, the isotope ratio of cordgrasS
detritus tends to become lighter and more like phytoplank­
ton. carbon through time (Benner et al. 1987; Foge1etal.
1989). Even with these complications, the possibility of

Delta name Delta wetland
area (ha)

Lavaca Delta 4.524.82

Guadalupe Delta 3.321.75

Nueces Delta 5.014.08

Percent of marsh
with C4 plants

73.9

72.6

70.2

Combined
a13c

-14.8

-16.3

-13.9
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Figure 5.6.1. San Anronio Bay sediment a13c values (from Parker er al. 1989).'

et al. (1977) on area, quantiry of exportable dry organic
matter, and speci~scomposition is analyzed, the a13C values
of the exportable carbon of the combined plant communi­
ties show a r~nge from -16.3 to -13.9 (Table 5.6.1). Ifa river
transports any' of this heavier, marsh-produced carbon,
a13C values of sediment carbon in the river or close to rhe
river mou'thin the bay will be less negative 'than t~rrestrial

carbon alone. The a13C values ofsamples from the Gva~
River to just below the Lavaca Delta ranged from -22.3 to ­
18.7 Oones et al. 1986); in Sail Antonio Bay, the sediment
a13e value at the river mouth was -23;6 (Parker et al. 1989).
These vaiues are consistent with the transport ofsome marsh
plant material along with rerresrrial carbon to the bay over
th~ long term. However, phytoplankton producrlon in rhe
rivers, creeks, and lakes ip the deltas; could also provide
ca~bon ~ith isotope ratios in the same range.

While the evidence abour river transport of delta
marsh carbon to 'the biiys' is equivocaL it is clear thar the
Guadalupe River carries organic matter from terrestrial
sources into San 'Anronio Bay. 'Figure 5.6.1 (from Park~r et
al. 1989) is a map showing contours ofsediment a13c. The
gradient of a13C from river influence is clear in 'Guadalupe
B;y and around the delta, but diminishes in the upper

portion ofSan Antonio Bay. The range of river influence on
sediment carbo~ is nor as clear for Lavaca Bay and appear; to
be v~ry minor for Nueces Bay (Parker et al. 1989). The lack
of a dear river signal in Nueces Bay is consisrent wirh the
usual low gaged and ungaged flow to this bay, while the
intermediate signal for Lavaca Bay correlates with the ~od­
erare inflows of the Lavaca River.

Short-term distribution a/carbon. POM, the organic
matter suspended in the warer column,'consists ofrerrestrial
or marsh detritus, plankron, seagrass and benthic algal
detritus, and r~s'uspended organic matter from the bottom
sedimenr. The disrribution of a13C values for POM in
Lavaca, San Antonio, Nueces, and Corpus Christi bays is
show~ in Figure 5.6.2 (after Parker er al. 1989). More than
halfofthe POM from the river samples in the Lavaca Estuary
has a13e in the -2ito ~23 range. Since terrestrial organic
matter is rh~ only large carbon source with values more
negative than phytoplankton carbon (-22 to ~18), any a13C
values more negative rhan -22 are definire indicators of the
input of carbon from rerrestrial sources.' About 25% of the

. POM samples froni Lavaca Bay waters were in the-25 to -23
range, which' indicates a terrestrial ~rigin for some of these
materials.
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Figure 5.6.3. San Antonio Bay il l3C values for infauna and fish (after
Parker et aI. 1989).

transported by the large gaged arid ungaged inflows and
shows that terrestrial carbon (and possibly delta marsh
carbon) can be spread thr~ughout the bay. The Lavaca and
Nueces data also confirm that this same type of terrestrial
carbon enters the bay. While terrestrial carbon is occasion­
ally spread throughout the system, its signature in ·the
sediment carbon is not always obvious.

Use ofimportedorganic matter by biota. The isotopic
composition of biota reflects the materials they ingest aitd"
assimilate. Since'the life cycle of most larger organisms is
measured in terms ofmonths or years, the isotopic signature'
of the carbon in their tissues is an integrated measure of the
carbon sources used during their life span. Benthic infauna
are generally small invertebrates that live in the top few
centimeters of the sediment.' Many.of the animals in the
infauna ingest organic material suspended in the bottom
waters. Infauna collected berween October 1986 and July
1987 in San Antonio Bay had a l3Cvalues ranging from -28
to -15 (Figure 5:6.3, after Parker et al. .1989). More than
halfofthe samples collected had values berween -28 and -23,
which indicates that a'significant proportion oftheir carbon
came from terrestrial' sources. Since paM values in San
Antonio Bay water ranged from -30 'to -19 during that
period, it is not surprising that the terrestrial carbon signal
is evident in b~nthic organisms that directly filter particulate
matter. Note that the distribution of a l3C values for
infauna is less negative than the paM distribution (Figure
5.6.2). The infauna are probably using some of the less
negative'sedi.menr carbon in addition to the paM.
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Fewer paM samples were collected iri Nueces and
Corpus Christi bays and the concentration ofseagrasses (-12
to -6) makes it difficult to detect terrestrial carbon input.
However, a few samples were collected in the -24 to -23
range, which indicates a terrestrial carbon ·source. The
stations where these samples were collected were in Nueces
Bay and'in Corpus Christi Baynear die NueceS. Bay Cause­
way.

Figure 5.6.2. Particulate organic matter (POM) il l3C values for Lavaca,
San Antonio, Nueces, and Corpus Christi bays (after Parker et al. 1989).

More than 80% ofthe paM samples in San Antonio
Bay had aBc values in the ~30 to -23 range (Parker et al.
1989). The mean value ofsamples from the inner bay (close
to the river mouth) had nearlYidentical a l3c values com­
pared to outer bay stations; and paM samples collected near
.the Intracoastal Waterway and Matagorda Island, 16 to 24
km (l0 to 15 mi) from the river, ha:d unmistakable terrestrial
carbon signatures.
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Figure 5.6.4. Mean a13c values of trophic groups in the inner and outer
portions of San Antonio Bay (after Parker et al. 1989).

The influence of terrestrial carbon may be best illus­
trated by examining the a 13C values for a variery of organ­
isms from different trophic levels in San Antonio Bay. The
mean values of upper bay benthic suspension feeders, poly­
chaetes, decapods, shrimp, and omniverous benthic fish
show definite signs ofterrestrial carbon influence with mean
values equal to or less than -23 (Figure 5.6.4, after Parker et
al.1989). They also show.ashift to enriched 13Cwithhigher
trophic levels. Even though most of the organisms in the
lower bay trophic levels do not show the clear-cut terrestrial
signal of the upper bay groups, their m~an values could be
interpreted as a mixture of .terrestrial and phytoplankron

Assessing the use of carbon by 'higher-trophic-Ievel
organisms can be complicated because the animals are mo­
bile and have access to carbon in their foods with a wide
range ofaBC values. Physiology ~an also affect aBC val~es
because metaboliC processes may favor the use ofone isotope
over another. In general, the farther removed an animal is in
the food chain from plant catbon sources, the more positive
its a 13c values will be compared to the carbon sources (Fry
and Sherr 1984). Fish samples collected in San Antonio Bay
are presented in Figure 5.6.3 (from Parker et al. 1989) for
comparison with the infauna. Overall, fish display a very
wide range of values of assimilated carbon (-30 to -13).
About one-third of the fish captured in seagrass beds have
values greai:er than.;18, the upper limit of phytoplankton
carbon. A substantial portion of their carbon must come
from seagrasses, benthic algae, or animals that feed on these
plant matetials. Fish captured out ofseagrass beds show the
widest range of aPc value~, but more than 500/0 of the
samples collected had values in the -30 to -23 range, indicat­
ing that a portion of their foods came directly or indirectly
from terrestrial carbon. Parker et al. (I989) showed that a
terrestrial carbon signal is detectable in Lavaca Bay fish
during years ofsmaller i.nflows but is absent from the Nueces
and Corpus Christi bay fish, which are strongly influenced
by seagrass or benthic algal carb~n.

5.7 CQNCLUSIpNS .

Primary producers. Both phytoplankton a~d estua­
rine vascular plants show direct responses i:o freshwater
inflows. During periods oflow inflows and high salinities,
bay phytoplankton are dominated by diatoms; during high­
inflow and low-saliniry periods, flagellates are frequently the
most numerous ph}rtoplanktoq species. Changes in phyto-. . . ~

Conclusions

The a13C value ofsediment carbon in open bays does
not provide an accurate picture of the value of inflow­
transported terrestrial carbon in Texas estuaries. The sedi­
ment a13c values range from -20 to -18, the midpoint
between extreme values for bay carbon sources. The bays
have four or five carbon sources with a13C values ranging
from -30 to -6. Mixing and physiological processes associ­
ated with metabolism and carbon recycling tend to drive the
sediment a13C values toward the middle of this range,
which is coincidental with phytoplankton isotope ratios.
Without additional stable isotope tracer information, it is
not possible to use sediment organic matter to evaluate the
long-term contributi(lll ofvarious carbon sources to the bay
system. Nevertheless, the studies by Jones et al. (1986) and
Parker 'et ~. (I989) have: shown that terrestrial carbon
carried by freshwater inflow from rivers can occasionally be
distributed throughout the bay system. Some organisms
directly use this river-transported terrestrial carbon whenit
is a~ailable, and the terrestrial carbon signal can be traced to
higher levels of the food web in the bays. Organisms use
river-transported terrestrial carbon, but it is not yet possible
t? evaluate its importance to bayearbon budgets.

carbon wirh a shi~ due to trophic fractionarion. Except for
predatory.fish, it appears that the influence of seagrass or
benthic algal carbon is less rhanterrestrial or phytoplankton
carbon.

During a year of high freshwater inflows in San
Antonio Bay, terrestrial carbon was distrib~ted throughout
the bay as POM and was traceable in food webs to fish and

-6 shellfish that are the subject of the state's freshwater inflow
management efforts. Terrestrial carbon was traceable in
several Lavaca Bay trophic groups during the two years
previous to the high-flow year in San Antonio Bay, but the
terrestrial material was n~t distributed as widely in POM
during these years of lower freshwater inflow. Terrestrial
carbon transported by.freshwater inflow does not seem to
playa large role in.the carbon budgetofNueces and Corpus
Christi bays where phytoplankton, seagrass, and benthic
algae appear to be more important carbon sources.
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plankton species composition occur rapidlywith increases in
freshwater inflows, generally in a matter ofdays.• The return.
of phytoplankton populations to their pre-inflow status is
generally rapid, depending on the resumption of previous
salinity conditions.

Vascular plant species composition varies'in response
to salinity change due to freshwater inflows. Freshwater and
low brackish marsh and submerged communities in the
upper regions of estuaries and in the river .deltas show a
critical dependence on low salinity conditions and inunda­
tionfrom flooding. Submerged plant communities in the
lower estuary can change from obligate halophyte seagrasses
to the euryhaline widgeongrass when inflows result in salini­
ties ofless than 200/00. Unlike phytoplankron, however, the
period of exposure of vascular plants must be prolonged (a
growing season of several months or longer) before plant
species' composition changes. Vascular plants integrare the
effects of salinity, nutrients, underwater light levels, and
sediment inputs over a long period of time.

The effecr ofinflow on phytoplankton productivity is
more difficult to generalize. Incre~ed loading of nutrients
by inflows can stimulate phytoplankton growth, but the
dose coupling ofphytoplankton and zooplankton consum­
ers can make it difficult to show from abundance data alone
that phytoplankton production has been stimulated, Com­
plicated productivity measurements are usually needed, and
a large historical base of this information -is not available.
With very high freshwater inflows, displacement of phyto­
plankton from the bay by high flows may obscure the effects
of enhanced production.

Vascular plants also display a complicated productiv­
ity response to increased inflows. To some degree, produc­
tivity is stimulated by the heightened nutrient availability,
and in the case of intertidal wetland plants, added soil
moisture. Production of submerged species may be damp­
ened by light limitation due to increased turbidity, stimula­
tion ofepiphyte growth, and algal blooms that may accom­
pany inflow increases. Sediments transported in the inflows
are also critically necessary to maintain the proper elevations
for production of both intertidal emergent and submerged
species. This factor assumes added significance in those bay
systems currently undergoing land subsidence.

The high degree ofvariability in phytoplankton abun­
dance, much of which is 'unrelated to freshwater inflow,
makes phytoplankton abundance an uncertain measure of
the effectofinflows. Vascular plant abundance is potentially
a better gage of the effects of freshwater inflows because of
the stationary nature ofrooted plant communities. Sample­
to-sample variability is reduced compared to phytoplank­
ton. However, we do not have adequate site-specific mea- .

surements .for Texas estuaries where inflows have been
monitored to provide quantitative relationships berween
inflow-and vascular plant abundance. Nevertheless, infor­
mation on salinity limits, preferences; and optima of target
estuarine species ,can profitably be used to specifY ranges of
acceptable salinity conditions ne'eded to sustain vascular
plant growth in estuaries.

ConSumers. Zooplankton and benthic organisms are
major consumers of the phytoplankton produced in Texas
estuaries and the organic matter imported into them from
terrestrial and delta marsh sources. Both consumer commu­
nities show distinct responses to freshwater inflows. Zoop­
lankton species composition depends on the salinity and
level ofinflow. Tidal and brackish portions ofrivers flowing
into estuaries usually have a mixture of estuarine and pre­
dominantly freshwater zooplankton species. After flood
flows, freshwater species may abound in the upper reaches of
estuaries until salinities begin to rise. In general, zooplank­
ton abundance is greater in areas away from deltas and river
mouths, where salinities are higher.

Production ofmicro- and macrozooplankton appears
to be stimulated by the occurrence of freshwater inflow
pulses, although there is a point at which the displacement
of macrozooplankton by water flowing through and our ~f
the estuary seems to counterbalance 'production increases.
In estuaries that normally receive inflows of five or six bay
volumes per year,. inflow increases above this lever reduce
annual zooplankton abundanc~. In estuaries that receive
inflows ofless than one bay volume per year, large increases
in inflow are accompanied by large increases in annual
zooplankton abundance.

Benthic communities also respond to increases in
inflows with changes in species composition. Meiobenthic
populations of nematodes decrease in density and diversity,
but juvenile mollusk population numbers increase substan­
tially. Macrobenthic organisms adapted to brackish condi­
tions may flourish with high inflows, while, typically, the
more marine species with narrower salinity tolerances are
decimated until higher salinity conditions return. Recovery
of the more marine benthic populations after large inflows
may take months, but populations often rebuild to elevated
abundances and then decline, to pre-inflow levels. An
incompletely tested hypothesis for regulation of benthic
populations by inflows has been suggested, though not
confirmed.

Other measurements ofbenthic community response
have also shown marked effects due to freshwater inflow.
The rate of consumption of bacteria and microalgae by
~eiofauna increased dramatically after increases in inflow,
probably as the result of high microalgal and bacterial
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production. In addition, the rate ofnutrient regeneration by
the benthic community seems to be directly influenced by
freshwater inflow. Regeneration rates increase during and
immediately after high inflows, although unusually high or
prolonged inflows roay result in very low regeneration rates.

Zooplankton have many of the same drawbacks as
phytoplankton as quantitative indicators of freshwater in­
flows. Zooplankton populations are highly variable due to
local turbulence from currents, diurnal vertical'migration,
and generally patchy distribution. Even though zooplank­
ton data for a few years is available for several estuaries,
variability and the lack of a clear understanding of, the
regulation of woplankton populations by inflows hampers
use of woplankton as'an indicator' of inflow effects.

There is very limited information available about
micro- and meiobenthic organisms, but macrobenthos
changes may provide a useful measure of the effect of
inflows. Insufficient data is available to elucidate inflow­
population cycles and provide quantitative relationships for
assessment purposes. Information on salinity limits, prefer­
ences, and optima is available for many benthiC species, and
distribution patterns are gc;nerally known. As'in the case of
vascular plants, this information can be used toselect accept­
able salinity ranges in various regions ofestuaries that would
n~rture target benthic species production.

Nutrient cycling and use ofterrestrial and delta car­
bon. Aspects of the nutrient cycling process' appear to,
depend on the level of freshwater inflow. In general, the
components of an estuarine ecosystem that use and store

nitrogen assimilate higher levels of this nutrient during
periods ofhigh inflow than during periods oflow inflow. In
contrast, the efficiency of nitrogen, transfer between ecosys­
tem,components per unit of nitrogen input to the system
decreases during high inflows. During periods of low
inflows, the efficiency increases and the material is cycled
more times before being lost to burial, denitrification, har­
vest, or export to the Gulf. While our knowledge ofnutrient
cycling is not yet complete enough to provide an analytical
tool for evalu'ating freshwater inflows, some of the relation­
ships between inflow and various nutrient processes can be
used to create a nutrient budget that is useful in assessing
inflow requirements (see sections 7.3 and 7:4).

Stable carbon isotope measurements of biota have
shown that "terrestrial or delta-produced carbori can be
traced up the food chains to higher trophic levels. At times
following large inflows, terrestrial or delta-produced par~

ticulate organic material' has been observed throughout·the
estuary. The terrestrial and delta carbon signal in the
sediment is somewhat obscured since sediment isotope
measurements average the effects of carbon from various
sources through time, 'and are affected by the results of
differential degradation of materials during catabolism.
Nevertheless, sediment isotopes clearly show that terrestrial
and, delta carbon is carried by inflow some distance into the
estuary from the river. ' Stable carbon isotope information
does not provide an analytical tool for evaluating inflows,
btitit does show that inflow brings organic material into the
estuary and this material is utilized by the 'organisms living
there'.
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CHAPTER 6: THE RELATIONSHIP BETWEEN
INFLOW AND RELATIVE ABUNDANCE,
DISTRIBUTION, AND PRODUCTION

OF FISH AND SHELLFISH

6.0 INTRODUCTION

While the previous chapter concentrated on the rela.­
tionship between inflow and the lower levels ofthe estuarine
food chain, rhis chapter will focus on rhe organisms that are
"economically important and ecologically characteristic of
sport or commercial fish and shellfish species" [TEXAS
WATER CODE 11.147(a)]. Generally, these are the ani­
mals that most people associate with Texas bays and estuar­
ies, especially for commercial and recreational fishing.

As noted in an earlier section (5.3), most ofthe larger
fish and invertebrates begin life as part of the plankton, but
eventually grow large enough that they can no longer be
considered planktonic. Many ofthese animals change their
feeding behaviors and preferred habitats at various times
during their life cycles. Therefore, to get a complete picture
of the effects offreshwater inflow on these species, we must
consider the effects of inflow on various life stages and sizes
of animals.

Distribution and abundance are among the most
familiar kinds ofmeasurements made of juvenile and adult
finfish and shellfish. This type ofinformation is useful in an
overall sense because it provides a clear indication ofthe use
and avoidance of particular sites and habitats. In some
instances, ids clear what environmental conditions govern
the use of particular areas. But often, detailed studies
involving physiological measurements of reactions to envi~

ronmental conditions that may be affected by inflow are
needed to reveal the relationship between inflow, distribu­
tion, and abundance.
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The major goal of this chapter is to demonstrate
whether there are clear relationships between inflow and the
abundance, distribution, and production of fish and shell­
fish. Where possible, the relationships will be quantitatively
expressed so they can be used in an assessment methodology
to determine inflow needs of fish and shellfish.

Larval transport through barrier island passes. A
number ofspecies spawn their young in the Gulf. The eggs
and larvae, which are members of the meroplankton, are
transported toward the estuaries by currents and must be
car~ied through Gulf passes to the bays where they can
develop and grow. Section 6.1 presents the results ofa study
on the transport oflarvae which identifies the major factors
that appear to influence larval transport; freshwater inflow
is one of the factors examined.

Distribution and abundance oflarval andjuvenile
fish andshellfish. Larval and juvenile fish and shellfish have
specific preferences for habitat and environmental condi­
tions. Section 6.2 reviews the literature and presents infor­
mation about preferences and limits for eggs, larvae, and
juveniles of several abundant species in Texas estuaries. In
addition, catch data showing spatial distribution, abun­
dance, salinity zone, and bottom type preference are pre­
sented for several shellfish species in San Antonio Bay.

Wetland habitat use byjuvenile organisms. Sectio~

6.3 examines the use ofwetland habitats by juvenile organ"
isms. The studies discussed in this section compare the
abundance of organisms in wetland and adjacent bare­
bottom habitats to evaluate wetland use by estuarine species.
Several studies that were reviewed allowed comparison of



habitats with similar vegetative structures but different
salinity regimes. In addition, an analysis of the effects of
flooding on wetland habitat use by estuarine species is
presented.

Effect ofsalinity on adultfish metabolism. Adult fish
have the ability to move substantial distances to find suitable
food. Unlike many benthic species, they are not at the mercy
oflocal environmental conditions because they are mobile..
They can move into unfavorable environments, forage, and
move out because of the mobility th.eir high levels of
metabolism permit. Section 6A examines the metabolism
of several adult fish species and describes their metabolic
scope-the energy available for physiological processes ,be­
yond maintenance levels--:':'as a function of salinity. The
salinity range for a sp~cies' metabolic scope is an indication
ofhow difficult it would be for the species to survive if the
salinity regime were substantially altered as the result of
inflow variation.

Effect ofsalinity on adult fish reproductive devewp­
ment. One aspect of metabolic scope is the amount of
energy that can be put into reproduction. Section 6.5
examines the effect ofdifferent saliniti~on reproduction in
several fish species., This serves as another indicator of
potential species' survival should changes in inflow signifi­
cantly alter the salinity regime. The section reviews recent
experiments oq the effects ofsalinity on adult reproductive
development,. 'egg fertilization and hatching, and larval
development.

. Effect ofinjlow on adultfish andsheUfish abundance.
~.in the case oflarval and juvenile forms, adult finfish and
shellfish have particular environmental and habitat prefer­
ences. Section 6.6 reviews the,preferences and limits docu­
mented in the literature and discusses adult distribution and
historical relationships between abundance and inflow.

: DifJer.ences it} the relative abundance. offish and
shellfish' among estuaries. The inflows to the estuarine
systems alongthe Texas coast vary substantially from year to
year as does the pattern of inflow ~hroughout the year. The
section on vascular plants noted sizable differences in wet­
land and seagrass. habit~ts .among the estuaries that are
related to differences in freshwater inflow and the resultant
salinity. Given ,these differences in inflows among the
estuaries, Sectio~ 6.7 investigates whether there are signifi­
cant differences in the ,finfish and shellfish relative abun~

dances among several es.tuaries~ The se<;tion discusses ob­
served abundance differences thacoccur, and evaluates the.
sensitivity ofgroups ofspecies to changes in salinity regime.

The effect ofinjlowon the harvest ofadult fish and.. .
sheUfish. Fishery harvest data for seven major species have

been collected for many years. Harvest is analogous to
productivity, the performance variable for estuarine organ­
isms specified in the TEXAS WATER CODE 11.l47(a},
which the water permitting process must maintain. While
fishery harvest has its drawbacks as a measure ofproductiv­
ity, data have been collected for several decades over a wide
range of inflow conditions. Section 6.8 uses the harvest and
inflow data along with information about the life histories of
the seven species to create regression equations relating
annual harvest to inflow conditions over several seasons or,
in some cases, years.

6.1 EFFECT OF FRESHWATER INFLOW ON
LARVAL TRANSPORT

Introduction

Many marine fish and shellfish that spawn in the Gulf
of Mexico or near Gulf inlets to the bays have eggs, larvae,
and juveniles that depend on estuarine'nursery habitats for.
their survival, growth, and development. Most of these
young organisms are incapable of strong.swimming action
and are thus dependent on passive transport by prevailing
water currents. Several environmental factors affect trans­
port of these animals, but knowledge of hqw these forces
operate is incomplete. In general, transport of the young
depends on prevailing winds, astronomical tides, local rain­
fall, and circulation patterns" Some of these forces may be
affected by or work in concert with freshwater inflows to the
bays and estuaries.

A pioneering effort was made to provide insight into
the environmental mechanisms governing larval transpqrt
through. the passes and channels. of Matagorda Bay by
Darnell and McEachran (1989). Ofprimary concern were
three species of penaeid shrimp, one portunid crab, seven
species of sciaenid fish (croaker, drum, and s~atrout), and
two species ofother marine fish (Table 6.1.1) ..Ofse<;ondary
concern were additional species ofsciaenid fish that occur in
Texas. These species were selected on the basis of their
economic importance to the state's sport and commercial
fisheries. Field collections oflarval fish and i~vertebrates,in.. '. - ~.: "

Matagorda Bay were made from four study sites. Two sites
were selected to intercept eggs, larvae, and juveniles passing
from the. Gulf of Mexico .into Matagorda Bay '(i.e., the
M,atagorda.Ship.ChanneLand Pass Cavallo). Due ~o sam­
pling difficulties, the Pass Cavallo ~tation was)ater deleted:
The ~o remaining sites are locate~ along the west side of
Matagorda Bay where connections exist with Espiritu Santo
and. San. Antonio bays (i.e., Saluria. Bayou and the Gulf
Intracoastal Waterway). These sites were designed to study
the transport of eggs, larvae, and juveniles from one bay to
another.' The biological data were lumped into six major
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Table 6.1.1. Classification of study species of fish and shellfish.

Classification

Estuarine

Estuarine

Marine

Marine

Biological Group

Invertebrates

Fish

Sciaenid fish

. Non-sciaenid fish

Common Name

Eastern oyster"
Blue crab"
Brown shrimp"
Pink shrimp"
White shrimp"

Bay anchovy"
Darter goby"
Gulf menhaden"
Hogchoker"
Naked goby"
Sharptail goby"
Striped anchovy"
Inland silverside3

Atlantic croaker"
Banded croaker
Black drum"
Gulf kingfish
King whiting
Red drum"
Sand seatrour"

'Silver perch"
Silver seatrout"'
Southern kingfish
Spot"
Spotted seatrour"
Star drum

AtlantiC spadefish"
Blackcheek tonguefish
Fringed flounder )
Gulf butterfish
Least puffer
Scaled sardine
Sheepshead"

.Southern flounder"
Striped mullet"
White muller"

Scientific Name

Crassostrea virginica
Cal/inectes sapidus
Penaeus aztecus
Penaeus duorarum
Penaeus setiferus

Anchoa mitchil/i
Gtibionel/us bo/eosoma
Brevoortia patronus
Trinectes maculatus
Gobiosoma bosci
Gobionel/us hastatus
Anchoa hepsetus
Menidia beryl/ina

Micropogonias undulatus
Larimus fasciatus
Pogonias cromis
Menticirrhus /ittoraHs
Menticirrhus saxati/is
ScilUnops oce/latus
Cynoscion arenarius
Bairdie/Ia chrysura
Cynoscion nothus"
Menticirrhus americanus
Leiostomus xanthurus
Cynoscion nebu/osus
Stel/iftr lanceolatus

ChlUtodipterus faber
Symphurus plagiusa
Etropus crossotus
Pepri/us burN
Sphoeroides paroUs
Harengula jaguana
Archosargus probatocepha/us
Para/ichthys /ethostigma
Mugi/ apha/us
Mugi/ curema

" Commonly occurs in Texas bays and estuarie.s.

categories: shrimp, crabs, fish eggs, estuarine fish larvae,
marine fish larvae, and marine sciaenid fish larvae. Analyses
were also carried out on individual species which appeared
in the samples with sufficient frequency.

Stepwise and multiple regressions were used to ana­
lyze the relationship between environmental parameters
and catch data. Five environmental-parameters served as
independent variables in· the analyses for all sites: depth,
temperature, salinity, wind velocity, and curret:lt velocity..
Tidal height was added as an additional independent pa­
rameter for Saluria Bayou, and light and tidal height were
included in the Matagorda Ship Channel analysis (see Table
6.1.2).
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Results of the Study

Only a few of the observations that were made con­
cerning the recruitment oflarval fish and invertebrates were
related to'salinity, rhus indirectly related to freshwater
inflow. An added complication was the high variability in
the abundance oflarval and juvenile organisms in the passes.
This is particularly true of fish larvae which are much less
abundant than fish eggs or crab larvae.

. .Prediction ofabundancefor locality. The abundance
~f larval and juvenileorganisins at one locality cannot be
reasonably predicted on the basis ofany combination ofthe



Table 6.1.2. Relationships between environmental parameters and posirive and negative regression coefficients. .'

Parameter (+) Positive relationship (-) Negative relationship

Depth abundance ~D) High abundance at the boCt0I\1 High abundance at the top

Temperature (n High abundance at high teI\1perature· High abundance at low temperature

Salinity (S) Highabundance at high salinity , High abundance at low salinity

Wind direction (W) , High abundance when the wind
vector is upstream (i.e., from the
GuIftoward the bay)

High abundance when the wind
vector is downstream (i.e, from the
bay toward the GuIf)

Current direction (C) High abundance when the current
. vector is upstream (i.e., fro~ the

Gulf toward the bay)

High abundance when the current
vector is downstream (i.e., from the
bay toward the GuIf)

Light (L) High abundance during the daylight
hours,

High abundance during the night

Tidal height (TH) High abundance at high water levels
(calcuIated from NOAA tide tables)

High abundance at low water levels
(calculated from NOAA tide tables)

,Multiple regression models relating abundance and
physical environmental variables explained 11 to 520/0ofthe
variance in abundance. As in the case ofthe Matagorda Ship
Channel, the factors controlling the abundance of these
biological groups are more complicated than simple linear
relationships with the environmental variables.' ..

Biologicalgroups atSaluria Bayou. From the stepwise
regressions, the number ofstatistically significant parameters
rehited to biological abundance was less than that observed
for the Matagorda Ship Channel, but greater than the
number found at the GIWW site (Table 6.1.3). Low salinity
was significaIit' for 'estuaririe fish larvae but for no other
biological groups. Other significant parameters included up­
channel current (fish eggs), depth abundance (shrimp larvae
and fish eggs); temperature (fish eggs and' marine sciaenid
fish), tidal height (fish eggs), and direction (shrimp, fish eggs,
and marine fish larvae);

Multiple regression models relating abundance with
all physical environmental variables explained only 9 to 42%

Biological groups at the Matagorda Ship ChanneL
Results of stepwise and multiple regression analysis of fish
and shellfish larvae and egg data from the' Matagorda Ship
Channel (Table 6.1.3) indicate that the number ofstatisti­
cally significant parameters contributing to biological abun­
dance varies from rwo (in the case ofcrab larvae) to all seven
(in the case offish eggs). Low salinity ofwater in the pass is
a.parameterthat has a'direct relationship to freshwater
inflow. Low salinity exhibited a significant relationship only
to marine sciaenid larvae, the most economically important
family of fish on the Texas coast. High salinity was signifi­
candy related for fish eggs, estuarine fish larvae, and marine
fish larvae. .

of the variation in abundance. Table 6.1.4 shows the
direction of the relationship with the variables for each
biological group. Since the R2 values were generally low, the
models appear to have low predictive values. Non-indepen­
dence of the independent variables usually creates inflated,
not reduced, R2 values. One reason for this is that each

Environmental parameters were found to be signjfi- biological variable includes a group ofspecies whose seasonal
cant in determining biological abundance of larval and appearance and behavior may be quite distinct from one
juvenile organisms in the passes. The largest number of .' another. Thus, the search for environmental variable corre­
variables were related to biological abundance in the lates within groups characterized by diverse biological phe­
Matagorda Ship Channel; a smaller set of variables ·w~ nomena will require more analysis at the species level.
related to biological occurrence in Saluria Bayou; and the'
smallest set ofvariables was related to biological occurrence
in the GulfIntracoastai Waterway (GIWW).

environmental parameters analyzed ~rom another locality~

The findings indicate that biological abundance is differen­
tially influenced at the three stations studied, and that effects
on these organisms from environmental parameters should
be considere<;l separately for each station. .
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Table 6.1.3. Environmental parameters significantly related to biological
abundance from stepwise regression. The order ofsignificance is numerically
ranked with the highest level given a value of 1. Abbreviated information is
as follows: C =current direction. D =depth abundance. L =light conditions.
S =salinity gradient. T =temperature gradient. TH =tidal height. W =wind
direction.

Location and

biological group

C D L S T TH W

and marine sciaenid fish did not have significant regres­
sions.

Multiple regression models relating abundance to five
physical environmental variables explained 14 to 38% of
the variance in abundance. Considering the low R2
values, little ofthe observed variation in abundance can be
explained by simple relationships with these environmen­
tal variab"les.

Biological groups at the GIWW: From the stepwise
regression analysis, very few environmental variables were
significant at the GIWW site (Table 6.1.3). Although the
reason for this is uncertain, the shallow channel is subject to
frequent agitation by boat and ship traffic which could
confound results because of these disturbances. Prior to
entering the GIWW, the eggs and larvae of marine organ­
isms must traverse at least a portion of the lower part ofthe
Matagorda Estuary. This delay in entering the GIWW,
coupled with the fact that the organisms are somewhat older
and thus more capable swimmers (in the case oflarvae), may
also have had an effect on the results. In no case did stepwise
regression analysis for biological groups of organisms pro­
duce a model with more than two variables (Table 6.1.3).
Current, depth, and temperature were the only significant"
factors from this analysis. Crab larvae, estuarine fish larvae,

"2

2

(No parameters significant)

Summary analysis on biological groups. Darnell and
McEachron (1989) assessed the effect of the physical
environmental variables on biological groups by compar­
ing the number ofpositive and negative coefficient signs
from multiple regression equations involving" all vari­
ables. The signs ofthe coefficients (Table 6.1.4) indicate
the direction of the relationship between abundance and
the variable. A positive sign indicates a direct relation­
ship, while a negative sign indicates an inverse relation­
ship. They used the z-test for binomial proportions (see
Snedecor and Cochran 1967, pp. 211 to 212), with the
null hypothesis that the lack of a relationship between
abundance and the variables would result in a 50:50
distribution of signs for individual variables. With data
from the Matagorda Ship Channel, Saluria Bayou, and
ICWW, two variables were statistically significant:

"upchannel current (P < 0.05) and upchannel wind (P <

O.OI). All other physical variable sign comparisons were
not significantly different from the expected ratio. Thus,.
they concluded that abundance of biological groups in
passes and channels correlates most frequently with
upchannel current and upchannel wind. The effect was

. most pronounced on larval forms of shrimp, crab, and
estuarine fish.

Multiple regression analyses on all available environ­
mental variables" produced regressions th;n explained Ito
97%:of the variance. Most regressions explained less 'than
30% of the variance. Comparing multiple regression coef"
ficient signs for equations involving all environmental vari­
ables allowed Darnell and McEachron (1989) to assess the
importance of physical factors in transport of individual

Individual species analysis. Stepwise regression was used
to evaluate the significance of physical environmental
variables on the abundance of individual species and

larval stages. Three life stages of crabs, four life stages of
shrimp, and five larval fish species provided enough data for
analysis, The predominant variables that were significant in
stepwise regressions inCluded channel curr.ent direction,
channel wind direction, tidal height, and depth abundance.
Low saliniry resulting from freshwater inflow was signifi~

cant in only one instance, the equation for spotted seatrout
larvae·(Cynoscion nebulosus).
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2

(No parameters significant)

(No parameters significant)

2

(No parameters significan t)

(No parameters significant)

3 2.

2

4 5 6 2 3 7

4 3 2 5

6 3 2 4 5

3 4 1 2

Intracoastal Waterway

Shrimp larvae

Crab larvae

Fish eggs

Estuarine fish larvae

Marine fish larvae

Marine sciaenid fish

Matagorda Ship Channel

Shrimp larvae

Crab larvae

Fish eggs

Estuarine fish larvae

Marine fish larvae

Marine sciaenid fish

Saluria Bayou

Shrimp larvae

Crab larvae

Fish eggs

Estuarine fish larvae

Marine fish larvae

Marine sciaenid fish
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Table .6. 1.4. Summary of variables resulring in the best statistical regression
models. their positive or negative relationships and highest R2· values for
biological groups. All models were derived by omitting zero values. Abbrevi­
ated information is as follows: C =current direction. D =depth abundance. L '
= light Conditions. S = salinity gradient. T = temperature gradient. TH = tidal'
height. W = wind direction. '

Discussion

species and life'stages. With the same method used for
biological groups and the data from Table 6.1.5, tidal height
was also a statistically significant factor (P < 0.05).

.result· in' differences in condition and age of larVae
entering the passes. The' breeding season may peak.
quickly in some ,speci~, while it may extend over a
longer period oftime and exhibit more than one peak in
other species, Additionally, channel differences modify
environmental influences on organisms (e.g., differ­
ences in physical setting, channel orientation, depth,.
cross-sectional area, relationships with adjacent water
bodies, disturbances by boat and ship traffic, and reac­
tions to chemical pollutants). These differenc~s were
inherent in the three channel sites selected. As a result,
the eggs, larvae, and postlarvae of a given species m~y

.' display different behavioral patterns and respond differ­
ently to the collecting gear. Therefore, Darnell and
McEachron (l989) lumped samples to increase sample
sizes and control the variance. . .

Although a high level ofvariance in the sample data
occurred, it has been possible to reach some conclusions
concerning the mechanisms even though specific causal
relationships have not been established. On the basis of
lumped and individual species relationships, the orien­
tation of the channel with respect to wind and current,
and possibly tidal elevation, influence larval transport
through the passes. .

Effects offreshwater inflow on fish transport within
the estuary. While current direction, wind direction, and
tidal height are indicated as mechanisms influencing egg
and larval transport through passes, behavioral or physi­
ological mechanisms related to salinity (and therefore
indirectly to inflow) can playa role in transport within
the estuaries. For example, the fertilized eggs of the
Atlantic croaker (Micropogonias undulatus) , spotted

. seatrout (Cynoscion nebulosus), and red drum (Sciaenops
oce/latus) are buoyant over a narrow range of salinities
(Thomas and Boyd 1989). Since buoyancy influences
egg movement by estuarine water currents, the transport
ofbuoyant eggs is related to the salinity gradient and the

currents ofthe baywater to which they are exposed. Salinity
extremes may impair the egg buoyanCy function and the
growth rate ofdeveloping larvae of these species (Holt and,
Banks 1989). Other species with non-buoyant, passively.
transported eggs tend to have short hatching times (rwoto'
three days) Oones et al.1978; Wang and Kernehan 1979).
Species with buoyant eggs often have longer hatcl~ing times
and can be transported farther· into the estuary before
hatching occurs; salinity, which is influenced' by inflow,
maintains the buoyant relationship. Some fish with demer­
sal eggs are known to migrate to the more constant salihity
conditions in the region ofestuary mouths to breed Oones
1962; Wang and Kerneham 1979; P. R. Dando'1984).
Since their eggs are demersal, freshwater: inflow has little
influence' on egg transport. These species may depend on

+ + + + + 0.19

+ + + + 0.09

+ + 0.41

+ + + + -+ + '0.41

+ + +. + + + 0.42

+ + + 0.20

Highest

C D L S T TH W' R2 values

+ + + 0.23

+ + + + 0.22

+ + + + 0.16

+ + + '- 0.14

+ + + + 0.19

+ + 0.38

+ + 0.44

+ + + 0.23

+ + + + 0.50

+ + + + 0.11

+ + + + 0.11

+ + + + 0.52

Location and

i biological group

Marine sciaenid larvae

Intracoastal Waterway

Shrimp larvae

Crab larvae

Fish eggs

Estuarine fish larvae

Marine fish larvae

Marine sciaenid larvae

Matagorda Ship Channel

Shrimp larvae

CrabJarvae

Fish eggs

Estuarine fish larvae' '

, Marine fish larvae

Limitations due to high variance. Analytical models
associated with biological and physical systems are subject to
a high level of variance due to the inherent nature of the
species themselves and the physical dynamics ofthe environ~

ment. For example, the exact spawningsites ofmany species
are not,known, but some spawn in the estuary,some in the
Gulf, and some may spawn in both areas. Shelf spawners
may release the eggs nearshore or at mid-shelfwhere they are
subject to a variety of environmental influences. This will

Saluria Bayou

Shrimp larvae

. Crab larvae

Fish eggs

futuarine fish larvae

Marine fish larvae

Marine sciaenid larvae

134



.' .

Table 6.1.5. S~mmary of signs !,f coefficients of multiple regression equations relating abundance to all environmental variables measured at the
Matagorda Ship Channel (7 vari~bles), Saluria Bayou (6 vatiables), and GulfIntracoastal WatelWay (5 variables). Data for some stages or species was
not available for all sampling lOCations. Multiple regressions were derived by omitting~ero values. Abbreviated information is as follows: C =channel .
current, D =water column segregation by depth, L =light cond'itions, S =saliniry gradient, T =temperature gradient, TH =tidal height, W=channel
wind, ns =not significant, 0.05 =significance level (P < 0.05).

Stage Ot species C D L S T TH W ' Average
R2

Shtimp--protozoea +++ +-- + -++ ++- +- ++- 0.57

Shrimp--mysis +-+ +++ +' ++- ++ +++ 0.56

Brown shrimp--post-larvae + --+ --+ ++ -+- 0.32

Shrimp--post-Iarvae +-+ +-+ -+- ++- -+ ++- 0.12

Cra~zoea +++ + -++ +-- +++ 0.28

Blue cra~megalops +-+ +-+ + ++- ++ 0.09

Cra~juveniles + + + + 0.11

Silver perch +- +- + ++ -+ + +- 0.60

Sand seatrout ++ ++ -+ + ++ -0.08

Spotted seatrout ++- ++- + --+ --+ +- -+- 0.39

Black drum -+ -+ ++ ++ 0.22

Star drum + + + 0.25

Total sign distribution 19+/10- 16+/13- 8+/4- 11+/18- 11+/18- 15+/5- 19+/10-

'Number of observations 29 29 12 29 29 20 29

Percent positive signs 65.5% 50.0% 66.7% 37.9% 37.9% 75.0% 65.5'f'o

Statistical significance ns ns ns ns ns 0.05 ns

behavioral adaptations to ensure survival oftheir young such
as guarding their nests or fanning their eggs, and not wide
distribution of their eggs and larvae by currents.

Darnell and McEachran (1989) did not provide evi­
dence supporring the existence of a relationship between
freshwater inflow or salinity and transporr of fish eggs or
larvae through the passes from the Gulf to the estuaries.
Nevertheless, the relationship between fish egg buoyancy
and salinity and the preference of fish eggs and larvae for
particular salinity regimes is sufficient to justify conc;ern
about maintenance of salinity gradients, even if transport
from the Gulf is not a factor.

Effects of inflow or salinity on shrimp movement.
Shrimp exhibit different degrees of preference to salinity at
different stages.oftheir life cycle. Hughes (1969) indicated

that tidal transporr of postlarvae may be initiated by in­
creases in salinities of flood tides into low,salinity estuaries
where juveniles prefer to grow, until they finally leave the
bays and enter the open sea (Williams 1955).

The eggs of brown shrimp are semibuoyant, while
those of the white and pink shrimp are demersal (Kutkuhn
1966a, b; Anderson 1966; Ewald 1965). The transport of
eggs released into the water column in the Gulf vary as a
result of differences in buoyancy. Since salinity affects egg
buoyancy in the water co.1umn, it may influence egg trans­
porr in the Gulfby currents, tides, and other physical factors.
Within 24 hours, the eggs hatch into nonfeeding planktonic
nauplii, which are carried by prevailing currents while they
undergo several molts over the next 24 to 36 hours to become
free-feeding larval protowca. Jones et al. (1970) and Kennedy
and Barber (1981) reported that larvae may use tidal currents



to enter 'estuarine 'nursery grounds. POstlarvae also enter
estuariheand' coastal bay nursery areas' (Cop~land and
Triti~t 1966);'th~j'r abu'nd~nce"inc~~~illgwith increasing'
velOclty of flood tides (Tabb et al. 1962).

In Texas, shrimp postlarvae enter estuarine nursery
areas from February until November, with peaks varying by
species (K,lima et al. 1~82). Christmas and Etzold (1977)
rep~rted that major alterations or losses ofestuarine shrimp
nursery habitat have resulted in Texas from dredging, spoil
disposal; and imp~undmentswhich alter circulation pat­
terns, habitats, or timing and q'uantity offreshwater inflow.
laFleur (968) found that increased salinities have ad­
versely affected white shrimp nursery grounds. Christmas
and Etzold (1977) also suggested that the increases in
salinity have caused shifts in dominance from white shrimp
to brown shrimp production.

Emigration ofjuvenile and adult shrimp from estuar­
ies appears to be governed by size of the shrimp and the
environmental conditions within the estuarine system (Klima
et al. 1982). In Texas coastal waters, a positive relationship
berween white shrimp production andincreased rainfall has
been attributed to a sharp increase in low salinity nursery
areas. 'Annual white shrimp catches from'l927 to 1964 in
waters offTexas showed a strong statistical correlation (R =
0.656) with rainfall in both of the preceding years (Gunter
and Edwards 1969). A highly significant correlation (R =

0.85) berween May to June freshwater inflow and white
shrimp catches and commercial landings was demonstrated
by Williamson (1977) in 1959 to 1975 in San Antonio Bay,
Texas. The Texas Water Development Board (1982) re­
ported 14 significant multiple regression equations explain­
ing an average 69% ofthe variance for seasonal relationships
of freshwater inflow to the commercial harvest of white
shrimp 'on seven Texas estuaries and the Gulfcoast during'
the period 1959-1976.

.. These studies show that the role of freshwater inflow
in creating favorable habitat within the bays and estuaries is
complex. Ifthere isa roleforfreshwater inflow in transport­
ing larvae from the Gulf into the bays and throughout the
estuaries; it is probably not a direct one. '

, Possible indirect roles.through freshwater effects' on
circulation· processes within the bays or through modifica­
tion of larval behavior patterns have not been investigated.
Coastal invertebrates and fish display a great diversity of
spawning seasons, selection ofspawning grounds, and dis­
tributional relationships with depth, temperature, salinity,
and light conditions. However, the major "bottleneck"Jor
all the estuary-related-species is the problem oftraversing the
passes, and with regard to life history problems, Darnell and
McEachran (1989) observed a commonality in adaptations

ofthe varioUs species with respect to their involvement with
upchannel cunent and upchannel wipd in, m~ving the
larvae th,rough the tidal passes. In additii>n,the larvae may
not be entirely passive. Behavior may playa significant role
'particularly among the older larvae and the juvenile stages,
in reaction to other environmental variables. ,

Condl!Sion

Current direction, wind direction, and tidal height
are the dominant factors affecting larval transport thrpugh
the passes and c\:tannels. The role ofsalinity and freshwater
inflow in transporting eggs and larvae through,these areas
has not been demonstrated. However, physiological and
behavioral mechanisms ~elated to salinity and (indirectly)
freshwater inflow have been reported to affect the transport
of these life stages within the bay.

6.2 EFFECT OF FRESHWATER INFLOW OR '
SALINIlY ON THE ABUNDANCE AND DISTRI­
BUTION OF JUVENILE FISH AND SHELLFISH

Estuaries as Nurseries

Texas estuaries change rapidly in response to changes
in freshwater inflow, tidal currents, and atmospheric condi­
tions due in part to their shallow water depths. Despite
these changing conditions, flora and fauna in these estuaries
are produCtive and show rich species diversi'cY (Fliht 1985).

Biological production in Texas estuaries has been
related to rainfall and freshwater inflows (Gunter and
Hildebrand 1954), but the functional relationship berween
rainfall and estuarine production is cu~rently not fully
understood. Estuarine organism's are adapted to a wide
range ofenvironmental conditions with respect to tempera­
ture and salinity. Laboratory experiments suggest that
animals grow best within a narrow range ofenvironmental
conditions, but the evidence 'in nature is thatestu~rine

organisms are commonly found in a wide range ofsalinities
and temperatures. They shun areas only when salinities or
temperatures are' very high or very low.

Salinity, has been reported to affect metabolism,
activity, and the endocrine"system of estuarine organisms
(Holliday 1972)~ The classic study by Bull (1938) demon­
strated that some fish could 'di~criminate among salinities,
differing by about 0.5%0; The goby (GobiuS flavescem) was:
even able to discriminate salinities of0.06%0. Responses to
salinity level or changes in salinity differ at different life
stages; and are often'based on different mechanisms. In
general, most esiuarinespecies spawn in the GulfofMexico
or in bay-Gulfpasses where salinity cbhcentrations remain
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near seawater levels (greater than 340/00). Larvae then move
into estuarine habitats to grow and seek refuge from marine
predators. This means that most estuarine organisms start
life in high salinities and relatively stable temperatures.
While moving into the estuarine nursery area, they develop
the abiliry to tolerate lower salinities and to cope with more
rapid changes in saliniry and temperature.

This section discusses the relative abundance of se­
lected juvenile fish and invertebrates in Texas estuaries, and
the response of those juvenile organisms to saliniry varia­
tions. Data from the Guadalupe Estuary may illustrate

, patterns common in other Texas estuaries.

Blue Crab (Callinectes sapidus)

Blue crabs are distributed from Nova Scotia to north­
ern Argentina, including Bermuda and the Antilles (Will­
iams 1974). Along the Gulf and Atlantic coasts of the
United States, they occur i~ almost every estuary, including
all Texas estuaries.

Life Cycle. Blue crabs occur in different habitats
within the estuary, depending on their life stages, sex, and
spawning status. Adult females mate in the estuary and then
migrate out ofthe estuary into the GulfofMexico to spawn.
Eggs hatch and develop into zoeal stages in offshore waters.
Recruitment of larvae back into bays and estuaries occurs
during the megalopal stage.' The mechanisms of larval

, transport of blue crab in Texas coastal waters are not well
defined, but are believed to be related -to wind direction and
tidal currents.

Eggs and larvae. Blue crabs produce about two
million eggs per spawning (Churchill 1921) and eggs hatch
within 14 to 17 days following fertilization at 26°C (79 OF).
Relatively high salinities (23 to 300/00) are required for
successful hatching. Costlow and Bookhout (l959) re­
ported that in salinities lower than 150/00, no hatching
resulted. Newlyhatched blue crabs normally develop through
seven zoeal stages before metamorphosing into megalopae.
Mortality is usually high for the first two weal stages. The
maximum survival rate for crab reared from hatched zoea to
first crab stage in the laboratory was reported to be 40%
(Millikin and Williams 1984). According to Sulkin and
Epifanio (1975) and Bookhout et al. (1976), the optimum
salinity and temperature combination for zoeal develop­
ment is 25°C (77 OF) and 300/00 salinity. Metamorphosis
through the seven zoeal stages takes 31 to 49 days at 25°C
(77 OF) and 260/00. Optimum salinity and temperature
requirements remain the same during the'development of
megalopae. The average metamorphosis time was 8.4 days,
with a range of 6 to 12 days (Costlow 1967).

Juveniles. Laboratory studies have shown that young
crabs are tolerant to a wider range of both temperature and
salinity compared with their larvae. Holland et al. (l971)
reported that salinity ranging from 6 to 210/00 did not affect
growth and food conversion of laboratory-reared juvenile
crabs (6 to 38 mm or 0.25 to 1.5 inches carapace width).
Salinity less than 10/00 caused high mortality at 29°C (84 OF)
but not at 15 °C (59 OF). This suggests that extremely high
or low temperatures significantly affect the blue crab's ability
to tolerate salinities outside of its preferred range.

Juvenile crab sampled from Galveston Bay showed
maximum weight gain at 30°C (86 OF) in the laboratoty over
a period of 45 days (Holland et al. 1971). However, when
temperature ~as higher than 30°C (86 OF), crab growth
declined rapidly. Crab ceased molting when the tempera­
ture dropped below 16 °C (61°F) in Chesapeake Bay
(Graham and Beaven 1942).

Based on laboratory studies (Costlow and Bookhout
1959), blue crabs undetwent eight larval molts (seven zoeal
stages and one megalopal stage), followed by 18 to 20
postlarval molts for females and 21 to 23 molts for males
(Van Engel 1958). Intermolt periods of blue crabs increase
with decreasing temperature, increasing salinity, and age;
but they are generally shortened by ample food, near­
mesohaline waters (lO to 200/00), and high water tempera­
ture. Growth per molt frequently decreased as intermolt
period decreased (Leffier 1972). Tagatz (l968), however,
reported a different growth pattern in crab from the St.
Johns River, Florida, where crab growth per molt was
constant regardless of temperature (summer vs. winter).

Studies were recently conducted to determine the
importance ofsubmerged aquatic vegetation to juvenile crab
and shrimp in the Guadalupe Estuary (Academy ofNatural
Sciences 1989). Blue crabs were most abundant and closely
associated with vegetated habitats. Low abundance or
absence of crabs near delta sites was ascribed 'to oligohaline
or freshwater conditions. Mean salinities at the delta stations

, (Lucas Lake) ranged from 0.25 to 1.250/00 during the period
of fall 1986 through fall 1987, when inflow was high.
Similar results were also observed in Galveston Bay
(Zimmerman et al. 1990b). In San Antonio Bay, TPWD
t'rawl samples show significantly higher densities (catchl
sample) in areas with mean salinities ofless than 200/00 or in
the region most influenced by Guadalupe River inflows
(Figures 6.2.1, and 6.2.2). A regression analysis using
catches (Log (catch +1) for all years 1982 through1988 as
the dependent variable, and salinity measured at the same
site and time, as the independent variable, was highly
significant (P < 0.0001; R2 =0.42). This relationship was
negative, showing higher catches from lower salinity areas.
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Dummy variables were used'in the analysis to 'adjust for
different densities which occurred in different years and
different months.

Oyster (Crassostrea virginua)

Three species of oysters are commercially utilized in
the United States. The eastern oyster, C virginica, is the
most abundant and is mainlyfound in brackish waters ofthe
bays and inlets along the Atlantic and Gulf coasts (Stanley
and Sellers 1986). In the Gulf of Mexico, eastern oyster
production is led by Louisiana accounting for 65% of the
harvest, followed by Texas at 8% (TPWD 1988). While
they occur in all Texas bays, their abundance varies among
bays. Approximately 90% of reported commercial Texas
landings are harvested directly from reefs iii the Galveston,
Matagorda, and San Antonio Bay systems.

Lifecycle. Oysters are sessile bivalve mollusks. Unlike
most other organisms, the oyster spends its entire life in the
estuary. Oysters in Texas spawn year-round, with peak
spawning recorded in June and July after temperatures have
reached and stayed higher than 20°C (68 ~F) and salinities
'stay above 10%0 (Hofstetter 1977, 1983).

Eggs and larvae. The earliest part of the oyster's life
is spent as free-floating zooplankton larvae. Later, they
become sessile organisms when they attach to hard surfaces'
and, under the right conditions, to each other, forming large
reefs. The hatched larvae undergo several 'developmental
stages including trochophore, veliger, and spat before they

, settle down and attach to substrate for benthic living. The
period from hatching to settling is usually seven to ten days
depending on factors such as temperature, saliniry, and
substrate (Loosanoff 1953). Hopkins (1931) reported a
saliniry of20 to 210/00 to be a critical level for oyster settling.
Data from 23 years of reef sampling in Galveston Bay
suggests that the best spat setting occurs when spring

'salinities reached 17 to 240/00. The poorest sets were
observed when salinities dropped below 80/00 (Hofstetter
1983). In Louisiana, setting intensity was high when
salinities were 16 to 220/00, with the peak occurring between
20 to 220/00 (Chatry et al. 1983).

Salinity also affects the temperature tolerance ofoys­
ter larvae. At the optimum salinity, larvae can survive a wide
range of temperatures. Survival rines of70% or more have
been reported at salinities ranging from ,I 0 to 27.50/00 and at
temperatures from 27.5 to 32.0 °C (82 to 90 OF) (Davis and
Calabrese 1964). Under laboratory.conditions, larvae held
at 30°C (86 OF) begin setting 10 to 12 days after fertiliza­
tion, while those held at 24°C (75 OF) set after 24 to 26 days.
Few larvae held at 20 ?C (68 OF) set within 35 days
(Loosanoff and Davis 1963).

Oyste~s require the correct substrate to successfully
settle. According to Loosanoff (1953) and Menzel ,(1955),
oysters, in salinities greater than 200/00 tend to attach, to
substrate in the intertidal zone, while those in salinities less
than 200/00 setsubtidally. In the laboratoty, Hidu 'and
Haskin (1971) showed that the presence of spat on cultch
shell attracted other larvae and stimulated them to set. Field,
observations also indicated that an existing reefprovided the
best and most attractive place for setting. Soft sand or
shifting sand and mud were unsuitable substrate for;oyster
setting (Galtsoff 1964).

Oyster larvae growth rates are initially high during the
first six months after setting and thereafter gradually de­
crease throughout the life stages (Heffernan 1962). Mini­
mum temperature for growth of oyster larvae was 17.5 °C
(64 OF) and optimum salinities for spat growth were 15 to
220/00 (Chanley 1957). Loosanoff and Nomejko (1949),
reported that oysters in Milford Harbor, Connecticut,.did
not increase in size or biomass during winter. The estimated
growth rate for Texas oysters between 2 to 48 months ofage
ranged from 2.6 to 10 mm (0.1 to 0.4 inch) per month
(TPWD 1988).'

Juveniles. Various environmental factors affect juve­
nile oyster 'survival and spatial distribution in estuarine
environments. Optimum temperature and salinity for
survival were 20 to 30°C (68 to 86 OF) and 10 to 300/00
respectively (Gunter and Geyer 1955). Oysters were ca­
pable ofsurviving salinities ranging from 3 to 440/00 (Copeland
a'nd Hoese 1966). High salinity was suggested to be the
factor limiting the abundance ofoysters on the lower Texas
coast, where salinities in excess of 450/00 were common
(TPWD 1988). On the other hand, low salinities (less than
30/00) also affect oysters feeding and increase mortality. For
example, oysters acclimated to 270/00 showed no feeding in
salinity less than 30/00 (Loosanoff 1953). Oysters in .Trinity
Bay, Texas have survived salinities of 50/00 at temperatures
r~nging from 24 to 27°C (75 to 81 OF) for two to three
weeks; but they experienced high mortalities (greater than
90%) when exposed to water at the same temperature with
salinities ofless than 20/00 for three weeks (Benefield 1966).

Oysters demonstrated, an inverse relationship ,with
salinity and temperature. Oysters can tolerate low salinities
at temperatures lower than 5 °C (41°F) for relatively long
periods but can survive only a few days under the same
conditions at 15°C (59 OF) (Andrews 1982). Gulf coast
oysters generally survived freezing water temperatures (Cake
1983). Obviously, this can be affected byv,ery low salinities.

. Other factors which affect juvenile oyster survival and
growth include food' concentration, dissolved oxygen, and
water flow rates. The latter factor is important because water
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current. not only provides food and oxygen, but also dissi­
pates '. waste and disperses larvae to colonize new areaS.
Oysters in Delaware Bay, were found most abundant in
regions ofhigh water velocity (Keck et al. 1973). However,
extremely high velocities (above 150 mmls or 6 inchesls)
may cause loosely attached oysters to loosen and be killed by
tumbling along the bottom (Mackenzie 1981).

Oystersdepend on changingsalinities to control preda­
tors. Oyster predators, including fish, crustaceans, sponges,
and other mollusks, are usually plentiful in oyster reefs
(Zimmerman e~ al. 1990b). Most oyster predators are
favored when salinities are high fot prolonged periods.
When conditions remain favorable for preda"tors; they can
proliferate enough to significantly increase oyster mortality.
Annual oyster mortality due, to ,oyster drills (Thais
haemostoma) ranged from 50 to 85% in Louisiana
(Schlesselman 1955), and 50 to 100% in Mississippi
(Chapman 1959). In the laboratory, small drill (50 mm or
2 inches) were able to consume about 85 spat per day, and
one to five market-size oysters (greater than 75 mm or 3
inches) per month. Fortunately,. oyster drills and other
predators are reduced by low salinities. Salinities ofless than
150/00 can benefit oysters by reducing their predators' abun­
dance (Menzel 1966). Therefore; periodic freshwater flood­
ing is needed to control oyster predators. Pierce and Conover
(1954) also reported that oysters exposed to fluctuating
salinity in the normal range (10 to 300/00) grew faster than
those held at a relatively constant salinity.. The largest and
most numerous oyster reefs in the Guadalupe Estuary are
located in areas having salinities commonly ranging from 10
to.240/00 (Diener 1975).

White Shrimp (Penaeus setiferus)

White shrimp are widely distributed along the North
American East Coast. They are found in estuaries from Long
Island Sound to Campeche, Mexico (Perez-Farfante 1988).
In Texas, white shrimp are f0.!lnd in estuaries where tem­
peratures range from 5.2 to 39°C (41 to 102 OF) and
salinities from 0.2 to 45.30/00 (Copeland and Bechtel 1974).
They are most abundant in estuaries having mean salinities
of less than 220/00.

Life cycle. Adult white shrimp generally inhabit
nearshore waters ofthe Gulfabout 14 m (45 ft)in depth and
with salinities greater than 270/00 (Cook and Murphy 1969).
Eggs are demersal and larvae are planktonic. White shrimp
enter estuaries during the second postlarval stage at about 7
mm (0.28 inch) and thereafter begin a benthic existence in
shallow waters with soft bottoms a~d marsh grasses. The
time betWeen hatching and migration to.estuaries, is esti­
mated to be two to three weeks. As shrimp grow, they leave
marsh habitat for deeper portions ofthe estuary prior to their
journey back to the Gulf waters.

,Eggs and larvae. . White', shrimp 'spawn from late
,spring to earlyfalL' Peak,spawnings are usually observed in
June and July. From.O.5 to 1 million eggs are produced per
'spawn. Eggs lisuallyhatch within 1'0 to ·12h: The larVae
then metamorphose through fiven'auplius, three protozoea,
and three mysis stages,before they become postlaivae. , It
takes two to four, weeks to metamorphose from 'newly
hatched nauplii to the first postlarvae, depending on tem­
perature, salinity, and food availability. In the Trinity-:'San
Jacinto Estuary, ,white shrimp postlarvae' are first 'caught
during May in the Galveston Channel, and peak during early
summer (Klima et al. 1982). '"

Juveniles. Juvenile white shrimp tolerate a wide'tange
oftemperatures, but growth is slow when water temperature
is less than 20°C (68 OF). Zein-Eldin (1965) reported that
postlarVae held in'the laboratory could attain maximum
growth rates of about 1.4 mm (0.06 inch) per day at :32 °C
(90 OF), 1.1. mm (0.05 inch) per day at 25°C (77 oF); and
negligible at 11°C (52 OF).

Juvenile white shrimp use a wide variety of available
estuarine habitats. They are caught during all months ofthe
year, bUt"are· most abundant from July through December
(Mueller and'Matthews 1987). In the field, white shrimp
catch ratios were found to be 'positively related to tempera­
ture up t040 °C (104 OF) (Copeland and Bechtel 1974).
Catch ratios here refer to the number of successful Catches
divided by the number ofattempts and is an index ofpercent
successful catch. Commercial catch data suggests tha'£ white
shrimp. are most abundant in low-salinity waters. Gunter et
al. (1964) summa.rized data collected from Texas. waters and
concluded that white shrimp occurred most abundantly in
areas with salinities ofless than 10°/00. These investigators
suggested that salinity was a limiting factor to'the distrib~­

tion and abundance of shrimp in the coastal waters. Ho~­
ever, laboratory studies also suggested that white shrimp
could tolerate much higher salinities because they could be
successfully raised at salinities of 8 through 340/00 (Perez­
Farfante 1969). Copeland and Bechtel (1974) also indicated
that no apparent relationship existed between catch success
and salinity. White ~h.rimpapp~aredto occur over the entire
range of ~stuarine salinity. Parker (1970) even stated that
high catches ofshrimp at low salinities might result becau~e
low salinities occurred d~ring the period ofpeak abundance
and in areas where shrimp were abundant (i.e., marshes and
shore areas). '

TPWD bag seine monitoring data was analyzed to
determine if the spatial distribution of white shrimp in the
Sari Antonio Bay system were af(ec~ed by ,salinity and
substrate type at the sampling site (Lee et al. 1990). This
a'1;uysis w~ conducted with the ~umption that shrimp
generally remained in ,areas whereconditions'wer~ mqst
fav~rable for their survival and growth, and that higher catch

141



rates would be associated with favorable areas. Estuarine
areas were characterizedaccording to observed salinity levels
,and the data was analyzed using multiple regression to
determine which salinity zones resulted in the highest catch
rates. Dummy variables were used to reduce variations
caused by different abundances in differentyears and differ­
ent months. ·Small white shrimp (less than 50 mm or 2
inches) showed no differences in catch per sample among
different salinity zones (Figure 6.2.3). Larger white shrimp
(greater than 50 mmor 2 inches) showed higher catch per
sample in less saline areas. A posteriori comparison ofmean
catches indicated that catches from high salinity zones (24:2
to 26.2%0) were significantly lowet (P < 0.05) than those of .
the lower salinity zones. Mean trawl catches plotted by area

·.in the Guadalupe Estuary.also showed a clear pattern of
. higher catches occurring in areas with lower mean salinities
(I to 210/00) (Figutes 6.2.4 and 6.2.5). A significant invetse
relationship between salinities and trawl catches was de­

·tected (P < 0.0001, R2 = 0.29). Again, dummy variables
were used to adjust for different densities which occurred in
different years and different months.

Gunter and Hildebrand (1954) were the first to

report a positive relationship between rainfall and white
shrimp production in Texas. Gunter and Edwards (1969)
also found white shrimp abundance to be positively corre­
lated with the previous two years' rainfall. Mueller and
Matthews (1987) examined this relationship, although their
results were not consistent with the earlier studies. They
found poor or no correlation between catches and annual
inflow. However, they did find significant correlation

0.6+----..I...----..I...----.L..----t_
.Small white shrimp

0.5
.c.
0

~ 0.4

c:as 0.3.Q)
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Salinity zorie

Figure 6.2.3. Relative abundance of juvenile white shrimp (Pmaeus

setiftrusl along salinitY gradients in the Guadalupe Estuary, from bag seine

between shrimp :catch and selected monthly river flow.
They hypothesized that. high spring inflows loaded the
system with nutrients and detritus, thus stimulating aspring­
early summer plankton bloom which benefited newly'ar­
rived postlarval shrimp. The reason for a positive influence
of increased flows in Octoberis less obvious~ Mueller and
Matthews, however, speculated that it might act as a flush­
ing mechanism to move shrimp offshore. If true, inflows
may not increase production, but may merely move shrimp.
to areas where they are more available to fishermen.

Zein-Eldin and Renaud (1986) suggested that salin­
ity-temperature interactions may have more pronounced
effects on shrimp than either factor alone, and believed that
low salinity-low temperature combinations were the most
detrimental to white shrimp. Laney (1971) reported that a
critical thermal maximum for white shrimp was influenced
by life stage and acclimation to temperature, but was less
dependent on salinity. The reported 80% survival curve for
white shrimp, over the temperature and salinity ranges
possibly encountered in estuaries, was not well defined, bur
increased survival was noted in low salinity water.when the
temperature was above 25°C (77 OF) (Copeland and Bechtel
1974). The latter is a common condition in the Guadalupe
Estuaty when white shrimp are present.

Brown Shrimp (Penaeus aztecus)

Brown shrimp range from Martha's Vineyard, along
the entire East Coast, through the GulfofMexico, down to

the Yucatan Peninsula, Mexico. Brown shrimp have popu­
lation centers along the Texas-Louisiana coast (Perez-Farfante
1988). They are the most important commercial shrimp on
the Gulfcoast and are found in all Texas bays. Unlike white
shrimp, brown shrimp are abundant in lower coastal bays in
Texas where there is less rain and higher salinities (Meador
et al. 1988):

.Life cycle. Brown shrimp have a life cycle similar to
white shrimp, and nursery grounds ofhoth species overlap
within the bays. Adult brown shrimp spawn from Septem­
ber through May of the following year in' offshore warers
ranging from 14to 110 m (44 t0341 ft) (Renfro and Brusher
1982). As eggs hatch and develop into postlarvae, they move'
into estuaries on incoming tides as plankton and become
demersal.' Transformation ·to juveniles occurs in estuaries
when the postlarvae are approximately 25 mm or 1 inch in
total length (TL) (Look and Lindner 1970). Juvenile brown
shrimp rem30in at the water-marsh interface of in seagrass
beds for two to three months. At a length of 60 to 70 mm
(2 to 2.5 inches), they move into deeper open waters and
normally begin their seaward migration when they reach
lengths of80 to 100 mm TL (2.5'to 4 inches) (Van Lopiket
al. 1979)..Emigration to the Gulfappears to be adirect route
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Analysis of TPWD trawl data indicated that high
mean catches were more common for brown shrimp than for
white shrimp or blue crabs in the Guadalupe Estuary. The
same data also pointed to a highly significant nonlinear

Copeland and Bechtel (1974) found no apparent
relationship between brown shrimp catch ratio and salinity.
The catch ratios were virtually the same for all salinity classes
from 0 to 400/00 in estuaries, suggesting that salinity prefer"
ence of brown shrimp extended over the entire, range of
estuarine salinities. Pa;ket (1970) also showed that brown
shrimp in Galveston Bay were most abundant in areas with
salinity of about 50/00. The average relative density at sites
with 0 to 4.90/00 salinities was about two times higher than
at sites with 20 to 24.90/00 salinities. Some ofthe conflicting
conclusions reached in these studies may be the result ofnot
analyzing the dat;l separately by size class.

0.5

0.6-r-----'--------J'------'------r

Figure 6.2.6.' Relative abundance of juvenile brown shrimp (PmlUus
aztecus) along salinity gradients in the Guadalupe Estuary. from bag seine
samples.

there were no differences in mean catches of shrimpJarger
than 50 mm (2 inches) TL among different salinities. Holt
andArnold (1989) estimated brown ~hrimpdensity to be 20
to 30 per 10m2 in lower San Antonio Bay compared with
a density ofless than 5 per 10 m2 in the upper bay. They
concluded that salinity had a positive association with
brown shrimp density. According to a report by the Acad­
emy of Natural Science (1989), upper San Antonio Bay
became too fresh to be used by either brown shrimp or crabs
during peri~dsofhigh freshwater inflow.' Iftrue, the overall
area available as nursety ground would diminish during
periods of high inflow.

Lassuy (1983) reported that juvenile brown shrimp
were euryhaline and had been collected in waters with
salinities ranging from 0 to 45%0. In the field,. they have
been found most abundant in waters of 10 to 20%0 (Gunter
et al. 1964). A tagging study by White and Boudreaux
(1977) also showed that reduced salinities in marsh areas due
to freshwater inflow would cause juveniles to migrate to
deeper, more saline waters. Bag seine data collected by. the
TPWD during 1977-1987 also pointed to similar results;
shrimp less than 51 mm (2 inches) TL preferred higher
salinity wnes in the estuaries (Lee et al. 1990). In San
Antonio Bay, areas with a mean salinity range of 24.2 to
26.20/00 yielded more catches of small shrimp qess than 50
mm or 2 inches) than areas with lower mean salinities
(Figure 6.2.6). Low catches were found to be associated with
both low and variable intermediate salinities. However,

to passes and not a random search. The movement usually
begins in late May, peaks in June, and is completed by July
(Parker 1970). Brown shrimp mature in neritic waters when
they are about 140 mm (5.5 inches) TL. "

Eggs and larvae. Each gravid female releases about
250,000 eggs. Eggs hatch within 24 hours and then pass
through nauplius, protozoea, and mysis stages before devel­
oping into postlarvae. Shrimp growth rates change with life'
stages, temperature, and food availability (Perez-Farfante
1969). Growth rates are low during larval stages and become

· significantly greater during postlarvae and juvenile stages.
Postlarvae growth reached a maximum between 25 and 27

.0C (77 and 81°F), and growth ceased when temperatures
were higher than 30 0(: (86 OF) (Zein-Eldin and Renaud
1986). In general, mean growth rates of postlarvae and
juveniles in the laboratory were less than, 1 mm (0.04 inch)
per day compared with 1 to 1.5 mm (0.04 to 0.06 inches) per
day observed in the field during the primary growing seasons
oflate spring and early summer (St. Amant et al. 1966).

. Juveniles. Brown shrimp have been collected over a
wide range oftemperatures and salinities in estuaries. While

·white shrimp continued to grow and survive at a constant
temperature of 35°C (95 OF), survival of juvenile brown
shrimp decreased above 30 °C (86 OF); Maximum growth,
survival, and food utilization for brown shrimp were found
at 26°C (79 OF) (Venkataramiah et al. 1972). In the field,
Copeland and Bechtel (1964) reported that juvenile catch
ratios increased when temperatures were above 15 0<:; (59
OF), and decreased when temperatures were above 30 °C (86

· OF). The minimum temperature for significant catches was
found to be 15 to 20°C (59 to 68 oF). At both extremes (less
than 15 °C or 59 OF, or greater than 30°C or 86 OF), no
brown shrimp were taken. The overall catch ratio in Texas
bays was 0.53. Compared with white shrimp, brown shrimp
were more tolerant of temperatures below 15°C (59 OF).

145



relationship (P < 0.0001; R2 =0.3l) between trawl catches
and salinity. ,Brown shrimp catches were higher in the part
of the estuaty that had intermediate salinities of 15-250/00
(Figures 6.2.7 and 6.2.8). Mean lengths of these shrimp
were 76 to 102 mm TL (3 to 4 inches) (Meador et al. 1988).

Brown shrimp tolerate a wide range of temperature
and salinity combinations. While the optimum combina­
tions for shrimp growth and survival were defined at 26°C
(79 OF) and 8.50/00 to 170/00, the worst conditions were at low
temperature-low salinity extremes (Zein-Eldin and Renaud
1986). Venkataramiah et al. (I 972) suggested that brown
shrimp could tolerate a wider salinity range at 26°C (79 OF)
than at higher or lower temperatures. The range oftempera­
ture tolerance also increased with increasing salinity (Zein­
Eldin and Aldrich 1965). Compared with white shrimp,
brown shrimp survive better in low temperatures at 250/00
salinity (Lassuy 1983). Over the range of conditions nor_
mally encountered in estuaries, the 80% survival curve.for
brown shrimp encompassed a temperature range of4 t035
°C (39 to 95 OF) and a salinity range of5 to 400/00, except in
the combinedlowtemperature-lowsalinityregime (Copeland
and Bechtel 1974).

Juvenile brown shrimp in San Antonio Bay were
mostly found on soft bottom, shallow water areas near or in
marshes or seagrass beds (Zimmerman and Minello 1984;
Academy ofNatural Sciences 1989; Holt and Arnold 1989).
Williams (1958) experimentally demonstrated in the labora­
tory a significant preference by settling postlarvae for soft,
muddy substrate with decaying vegetation. In Louisiana,
Turner (I 977) foun~ thatthe total shrimp yield was directly
propottional to marsh areas and acres of seagrass. In San
Antonio Bay, the soft bottom, on the average, produced
40% more catches than other sites with mud-shell or sand­
shell-rock (Figure 6.2.9); the same held for white shrimp
(Figure 6.2.10) (Lee et al. 1990).

Brown shrimp may be favored by variable seasonal
freshwater inflows although the mechanism involved is not
fully u~derstood. Van Lopik et al. (l979) considered the
relationship of brown shrimp harvest to temperature and
salinity, and concluded that high brown shrimp landings
could be expected if nursery areas had experienced a warm
spring with relatively high salinities (about 200/00).

Red Drum (Sdaenops ocel/atus)

Red drum have a .wide distribution along the North
American East Coast, ,ranging from the Gulf of Maine off
Massachusetts to Florida and down to Tuxpan, Mexico.
The species is one of the most highly prized food and
recreational fish caught along the Gulf Coast. '

Life cycle. Spawning adult red drum typically. inhabit
offshore waters and are only occasionally found in shallow
bays. Annual spawns begin in late summer and end in early
winter, with peaks recorded during September and October
(Matlock 1987). Spawning generally occurs inshore on the
oceanic side of barrier islands or shoreline, and is initiated
after sunset (Holt et al. 1985). Eggs hatch in 19 to 20 hours
at water temperatures of 24 to 28°C (75 to 82 OF). The
hatched larvae or postlarvae then ride tidal currents into
shallow waters of the primary bay.

As they grow older, the postlarvae spread farther into
secondary bays, and are found along with juveniles among
patchy seagrass meadows and in water depths up to 3 m (lO
ft). In later life stages, juvenile red drum tend to move into
slightly deeper open waters. This movement can be acceler­
ated by sudden drops in water temperature, which often
occur during the fall and early winter. Subadults may remain
in the bay for two to three years before they migrate offshore
in late fall and winter to join the adult stock (Reagan 1985).

Eggs and larvae. Red drum eggs develop best in
salinities greater than 250/00, while larvae (less than 8 mm or
0.3 inch) and postlarvae (8 to 15 mm orO.31 to 0.59 inches)
are stenothermal and are repotted to be very sensitive to
salinity changes. In Florida waters, they were collected from
areas with temperatures ranging from 18.3 to 31.0 °c (65 to
,88 OF) and in salinities ranging from 16 to 36.4%0 (Peters and
McMichael 1987). Off the Alabama coast, larval red drum
were caught in 27 to 29°C (81 to 84 OF) and 18 to 350/00 Gulf
waters (National Marine Fisheries Service 1986). Similar
temperature-salinity ranges were reported for successful 'red
drum hatching and development in the laboratory. Opti­
mum combinations were 25°C (77 OF), and 300/00, respec­
tively (Holt et al. 1981). They also noted that'at 25°C (77
OF), some larvae were able to develop into feeding postlarvae
at salinities ranging from 10 to 400/00. However, when
salinities dropped to less than 200/00, eggs tended to sink, and
losses from either bacterial infection or low oxygen level were
high (Vetter et al. 1983). Conversely, they found high
salinities along with high temperatures to be detrimental to
yolk-sac larval survival.

.Juveniles. Juvenile red drum (longer than 15 mm or
0.6 inch) are considered to be euryhaline and are collected in
a' wide variety of habitats ranging from seagrass meadow
edges through open waters with slightly muddy bottoms to
oyster reefs- (Reagan 1985). Field sampling has shown
juveniles in waters with temperatures of2 to 34.9 °C (36 to

95 OF) and salinities of 0 to 450/00. They appear to prefer
temperatures in the 10 to 30°C (50 to 86 OF) r~nge and
salinities from 20 to 400/00 (Overstreet 1983). Simmons and
Breuer '(l962) reported the range of 30 to 350/00 as the
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. Figure 6.2.7. Relative abundance of juvenile brown shrimp (Pma~us aztuus) in the Guadalupe Estuary, from trawl samples.
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optimum salinity for juveniles in Texas waters. Yokel
(1966) reported a direct relationship berween salinity arid
red drum size, stating that juveniles appeared more tolerant
of low salinity while adults were more tolerant of high
salinity.

In Caminada Bay, Louisiana, red drum juveniles were
collected in salinities ranging from 4 t,o 27%0; 91 % of the
catch, however, came from areas with salinities berween 16
and 25%0. The highest mean catch rates were recorded at
stations with mean seasonal salinities from 15 to 200/00,
followed by stations with mean salinities from 20 to 250/00,
and then 10 to 150/00 (G.W. Peterson, Louisiana State
University; pers. com'm.). Red drum juveniles showed no
preference for high or low river flow in the Matagorda Bay
system, although a weak association was detected berween
juvenile biomass andriver inflow in the T res Palacios region
(Wetzel andArmstrong 1987). In San Antonio Bay, TPWD
bag seine monitoring data also indicated no relationship
berween small red drum 30 to 70 mm (1.2 to 2.8 inches) TL
catch and salinity at the site and time ofsampling (Loeffler
et al. 1990). Temperature and depth were the only. rwo
factors influencing small red drum catch in the bay. Larger
red drum (71 to 150 mm or 2.8 to 6 inches) however, were
abundant in areas having either high salinities (20,to 320/00)
or low salinities (4 to 100/00). They tended to avoid areas
with,salinities ranging from 12 to 180/00.
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Figure 6.2.9. Relarive abundance of juvenile brown shrimp (Pmaeus
. azucus) among rhe differenr sediment rypes (A: mud. B: mud-sand. C:

mud-shell, D: mud-sand-shell. E: sand-shell-rock) in the Guadalupe
Estuary, from bag seine samples.

Gulf Menhaden (Brevoortia patronus)

Gulf menhaden are not only commercially valuable
but also ecologically important along the Gulf coast. In
estuaries, they are important prey for red drumand seatrour.
In coastal waters, the population supports the largest single
fishety (by weight) in the United States. Their distribution
is restricted to the Gulfstates and centered in Louisiana and
Mississippi waters up to 4.8 km (3 mil offshore (Nelson and
Ahrenholz 1986).

Life cycle. Gulfmenhaden have a life cycle similar to
other estuary-dependent species (i.e., red drum and white
shrimp). It begins in coastal waters from 2 to 128 m (6 to
420 ft) deep, where spawning takes place from October to
March. Menhaden larvae spend three to five weeks at sea
and then gradually move inshore. Larvae are about 15 to 25
mm (0.6 to 1 inch) TL when they migrate into the estuaries
(Warlen 1988). The reported timing of their movement
extends from October to May. Once in the estuaries, they
transform to juveniles in four to six weeks, and remain in the
upper bay nursery area. The reported duration of their stay
in estuaries is variable, but fishery data suggests that most
menhaden migrate to offshore Gulf waters to spawn when
they are about one year old (fork length; 100 mm or 4
inches), and this offshore movement generally occurs dur­
ing the fall and winter (Lewis and Roithmayr 1981).

Large white shrimp

Small white shrimp
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Figure 6.2.10. Relative abundance of juvenile white shrimp (Pmaeus

setifirus) among rhe different sediment rypes (A: mud. B: mud-sand, C:
mud-shell, D: mud-sand-shell. E: sand-shell-rock) in the Guadalupe
Estuary, from bag seine samples.
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, Eggs ,and larvae. The females spawn 40,000 to
700,000 eggs, depending on both age and size of the 'fish.
Menhaden are considered to be intermittent spawners and
may spawn up to six times during the season (Etzold and
Christmas 1979). Eggs hatch within two days at 20°C (68
OF) and 30%0 salinity. Growth rates at the early life stage
average 03~m (0.01 inch) per day at 20°C (68 OF) (Lewis
et al. 1987). While eggs and early.larvae are stenohaline and
associated with the highersalinitiesofGulfwaters, posclarvae
appear to be euryhaline and most often associated with low
salinity ,areas: ' "

Juveniles. Juveniles occupy a wide range ofsalinities
in the estuary, ranging from fresh to hypersaline. In general
in Texas, juvenile menhaden were reported most abundant
at salinities of0 to 12%0 and at locations from secondary to
tertiary bays (Wetzel and Armsnong 1987). Menhaden in
Lavaca Bay were found year-round, with seasonal peaks

,<:>bserved in winter and spring. Juveniles preferred freshwa­
ter'sections of both Lavaca Bay and Tres Palacios Bay.
Tagatz and Wilken (1973) repotted that young menhaden
often entered fresh water but never penetrated far (1.6 km
or Lmi) beyond the interface with low salinity estuarine
waters. The catches in Lavaca Bay varied annually, and
ranged from 1.6 to 14.2 catches per unit effort (CPUE)
during the 1973 to 1975 period (Gilmore et al. 1976).
Highest monthly mean catch was 23:3 in March compared
with 0.04 in December of1974. In Mississippi Sound, high
catches of menhaden were consistently restricted to waters
over 20°C (68 OF), particularly 25 to 34.9 °C (77 to 95 OF),
and between salinities of 5 and 25%0. The highest catches
came from locations with salinities of 5 to 9.90/00 and
temperatures of30 to 34.9 °C (86 to 95 OF).

, Copeland and Bechtel (1974) analyzed the relation­
ship between Gulf menhaden and environmental factors
including temperature, salinity, season, and location within
the Gulf estuaries. Catch ratio, instead of abundance, was
used to determine the range of conditions within which
organisms were collected. Ofthe total 2,377 samples taken
along the Gulf coast, 1,284 samples contained menhaden
specimens. The catch ratios were reported to be positively
correlated with temperature when it was higher than 20°C
(68 OF) while juvenile catch ratios displayed a negative
correlation with salinity. When salinity was greater ,than
250/00, the catch ratios dropped to nearly zero. Wetzel and
Armstrong (1987) concluded that the optimum tempera­
ture-salinity combination for Gulfmenhaden was 25 to 30
°C (77 to 86 OF) and 0 to 120/00. The combination of low
temperature and low salinitywas found most detrimental to
survival and was avoided by juveniles. Lewis (1966) indi­
cated that when acclimation, temperature increased, the
upper and lower tolerance limits of salinity also increased.
Lichtenheld and Hettler (1968) further suggested 'that'

~alinity ~ould be a factor controlling menhaden abundance
in eStuaries' when temperatures were higher than 20°C (68
OF).

, TPWD bag seine samples from San Antonio Bay did
'not sho:w any correlation between relative den'sity and salin­
ity (LOeffler et al. 1990). For small menhaden (less than 35
mm or 1.41 inch), significant negative correlations with
bottom type and wind speed were deleted at the 1% level.
With larger menhaden (36 to 57 mm or 1:42 to 2.24 inches)
Caught in bag seines, a significant negative correlation with
barometric pressure (P< 0.05) and positive correlations with
dissolved oxygen squared, turbidity, and moon phase were
obtained.

Spotted Seatrout (Cynoscion nebu/osus)

Spotted ~eatrout, found in estuaries along the East and
gulf co~ts ofthe United, States, is primarily a southern
species and is most abundant in Florida, Mississippi, and
Alabama (Tabb 1966). Unlike other sciaenids, spotted
seatrout spawn and grow withi!1 shallow estua!ies. They
selgom move far from their territory unless ,conditions
becomeintolerable(Perret et aL 1980). In estuaries,ethey are
found in a wide variety of habitats including upper tidal
marsh, tidal creek, beaches near inlets, seagrass meadows,
sounds near oyster reefs, shell reefs, and submerged islands
(Tabb 1966).

Lift cycle. Spotted seatrout are considered to be
estuariil'e species; th~y depend on the bays and estuaries for
feeding, spawning, and nursery ground. Along the Gulf
coast, fish have :been found to spawn continuously from
February through September (Brown-Peterson et al. 1989).
l,"wo spawning peaks hav~ been'observed during the yea~,

one in the spring and the other during late summer. Simmons
(1951) reported that spawning in Texas did not begin until
the water temperature reached 21°C (70 OF), while Jannke
(1971) indicated 24°C (75 OF) to be the critical temperature
for heavy spawning in Florida. Spotted seatrout school when
they reach 25 t,9 51 mm (1 to 2 inches) TL; schooling
b,ehavior continues through adult stages. Se:isonal move­
mentshave generally not,been reported, but one taggi~g
study from Galveston Bay showed qclic movement ftom
the upper portion of Bastrop Bayou in the fall back toSan
Luis Pass during the spring and summer (Baker et al. 1986).

Eggs and larvae. Females may produce up to 1.5
million eggs'in deep ch~nnels adjacent to grass flats (Tabb
1966) or near offshorebarrier islands (Christmas and Waller
1973). Following spawning, eggs may sink to the bottom or
remainbouyanr dep'ending on sp:,-wning and ambient salini;
tie.; JTabb 1966). They generally hatch within 24 hours,
when water temperatures are higher than 25°C (77 OF).
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Newly hatched larvae are rarely collected and de­
scribed from field studies. In Tampa Bay, Florida, larval
seatrout up to 8 mm (0.31 inch) were caught in water having
temperatures ranging from 2004 to 32.9 °C (69 to 91°F) and
salinities of 18 to 32%0 (McMichael and Peters 1989). In
general, larvae in Tampa Bay preferred salinities of 24 to
300/00. In the laboratory, the optimum temperature-salinity
combination was reported to be 28°C (82 OF) and 280/00
(Taniguchi 1980). He predicted 100% larval survival from
salinities ranging from 18.6 to 37.50/00 and temperatures
from 23 to 33 °C (73 to 91°F). Tabb (1966) postulated that
low salinities caused by strong freshets in the southern states
may cause mass mortalities of larvae and juveniles.

Juveniles. Juvenile seatrout (less than 250 mm or 10
inches) are generally abundant in areas having salinities
rangingfrom 15 to 350/00. In the Laguna Madre, juveniles
:were most abundant in the fall and were collected in areas
havjngsalinities greaterthan 600/00 (Simmons 1957). Abrupt
decreases in either temperature or salinity often cause move­
ment ofjuveniles to more stable environments such as deep
cha'1nels or tidal passes. In Louisiana, juveniles were caught
in salinities ranging from 6 to 310/00, but the majority were
from waters of 12 to 250/00 salinities. Like red drum, the
highest mean catches were at stations with a mean seasonal
salinity from 15 to 200/00 (Peterson, pers. comm.). Loman
(1978) reported high catches from waters with temperatures
from 25 to 30°C (77 to 86 OF), while Tabb (1958) suggested
15, to 27°C (59 to 81 OF) as suitable temperatures in Florida.
Along the Georgia coast, juvenile spotted seatrout began
moving back into shallow waters as temperatures warmed to
approximately 17°C (63 OF) (Mahood 1974).

Holt and Arnold (1989) conducted a two-year study
on finfish in the Lavaca-Colorado Estuaty and a one-year
study in the Guadalupe Estuary. They found that spotted
seatrout were rarely encountered in Lavaca Bay in either
year., During the Lavaca study, the salinity in year two
(1986) was much higher than in year one (1985). In
Mesquite Bay during the Guadalupe study, juveniles smaller
than 30 mm (1.2 inch) were present from spring to fall at a
density of 0.5 to 1.3 per 10 m2 compared with a density of
0.ltoO.5 per 10 m2 in San Antonio Bay. Juveniles were not
cap~ured in trawl samples taken from open waters in either
bay. Comparing these,studies, it is clear that Lavaca Bay and
its delta were not used byspotted seatrout, and the upper San
Antonio Bay did not produce spotted seatrout catchesdut­
ing high-flow periods. In contrast, Roger et al. (1984), in a
study of a salt-marsh estuary in Georgia, found that several
fish including Atlantic croaker, spot, and flounder com­
monly used upper estuarine areas as nursery grounds during
periods of high river inflow (up to 100 days of freshwater
encroachment) .

When· species density was regressed on salinity and
bay, Holt and Arnold (1989) found that juvenile abundance
was positively related to salinity. Densities were usually the
lowest at vegetated sites with lower salinities, while densities
were highest atvegetated sites with highersalinities. Based on
oxygen consumption rates ofthe fish collectedfrom Aransas
Bay, Wakeman and Wohlschlag (1978) reported thatopti­
mum salinity for juvenile spotted se~troutwas 20 to 250/00 at
25,oC (77 OF). Metabolic scope was reduced above or below
that salinity range. The fish were stressed ifsalinity dropped
below 100/00 or rose above ,400/00. Data from TPWD bag
seine samples agreed well ,with these findings. In San
Antonio Bay, small spotted seatrout (30 to 70 mm or 1.2 to
2.8 inches TL) were most abundant at 20 to 250/00, and
decreased in their relative densities at salinities above;: 300/00
or below 250/00. Larger juvenile spotted seatrout (71 to 150
mm or 2.8 to 5.9 inches TL), however, were mostly caught
at less saline sites with salinities ranging from 5 to 100/00.

Conclusion

Groups with different life cyclepatterns. Based on life
history associated with spawning migration, two groups can
be defined for the species examined in this study. The first
group spends its entire life cycle in the bays and estuaries and
seldom moves to the Gulf; species of this group depend
entirely on estuaries for spawning or feeding. These species
are potentially most affected by salinity variations in an
estuary. Examples belonging to this group are the eastern
oyster and spotted seatrout. The second group spawns in
coastal. waters or passes to the Gulf, and then migrates to
estuaries as they grow into postlarvae or early juveniles..
Examples include blue crab, shrimp, red drum, and gulf
menhaden. Adults of this second group are affected less by
variations in estuarine salinity because they spend all or most
of their adult life in the sea.

Salinity in GulfofMexico waters is relatively high and
less variable compared to estuarine waters. Therefore, eggs
and larvae of the second group are more or less stenohaline
and require salinity of300/00 or greater for successful survival
and growth. However, juveniles ofboth groups are confined
to estuaries and are directly affected by freshwater inflow or
tidal currents. In order to survive, grow, and take advantage
of the high productivity in estuaries, their physical tolerance
to variations in salinity, temperature, and possibly other
abiotic factors must be high. In genetal, residents in estuaties
are euryhaline ,and are able to tolerate ,a wide range of
salinities. The relationship between juveniles and freshwater
or salinity is summarized for each species below.

Blue crab. Juvenile blue crabs are generally most
abundant in the vegetated habitats in the lower and middle
l;>ay where salinities range from 6 to 250/00, and temperatures
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range from 20 to 30°C. In San Antonio Bay, trawl samples
show significantly.higher catches both in areas with mean
salinities of less than 200/00 and in areas influenced by
Guadalupe River flow. They avoid the delta areas wheri
freshwater inflow is high and mean salinity is less than
1.50/00. Juveniles exposed to salinity below 10/00 during the
summer 'usually encounter heavy mortality. -

Oyster. Oysters survive best in temperatures of20 to
30°C and in salinities of 10 to 300/00. In San Antonio Bay,
the largest and most numerous oyster reefs are located in
areas with salinities of 10 to 240/00. Salinity of about 150/00
is the suggested optimal for survival and reproduction. In
addition, fluctuating salinity in the range of 10 to 300/00
often 'promotes' more rapid' oyster growth than relatively
constant salinity.

White shrimp. White shrimp occur over a wide range
.ofsalinities, but were most abundant in less saline areas ofthe
estuarine system. In San Antonio Bay, they are significantly
more abundant in areas with low mean salinities (2.2 to
7.70/00) than in areas with high -mean salinities (24.2 to
26.20/00). White shrimp are reported to grow fastest in
temperatures between 20 and 32°C (68 to 90 OF). In
addition, a positive relationship between rainfall and shrimp
production has also been documented for this species in
Texas.

Brown shrimp. Brown shrimp prefer zones of high
salinity in estuaries. In San Antonio Bay, the polyhaline
areas (24.2 to 26.20/00) yielded significantly greater shrimp
catches than the less saline areas. Juvenile brown shrimp
density was estimated to be 20 to 30 per 10 m2 ih the lower
bay, but was less than 5 per 10 m2 in the upper bay. Peak
abundance in the field was collected in temperatures be­
tween 15 and 33°C (59 to 91 OF).

Reddrum. Red drum are considered to be euryhaline
.and are collected in a wide variety of habitats. They have
been found in waters with temperatures of2 to 34.9 °C (36
to 95 OF) and salinities of 0 to 450/00, but appear to prefer
salinities of 20 to 350/00. In San Antonio Bay, juvenile red
drum (71 to 150 mmor2.8 to 5.9 inchesTL) were abundant
in either polyhaline areas having salinities ~O to 320/00 or less
saline areas with salinities of 4 to 100/00. Areas having
salinities from 12 to 180/00 had lower catch rates.

Menhaden. Juvenile menhaden occupy a wide range
ofsalinities in estuaries, ranging from oligohaline to hyper­
saline, but are reported most abundant at 0 to 120/00 salinity
and in secondary or tertiary bays. In Texas waters, catch
successes are reported to be negatively correlated with salin­
ity but positively related to temperature. A low temperature­
low salinity combination (e.g., 6 °C or 43 OF and 50/~
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saliriity) was found most detrimental to survival and, hence.
was avoided by juveniles.

Spotted seatrout. Sporred· seatrout spend most of
their life in estuaries. They are collected in various habitats
'including upper tidal marsh, seagrass meadow and 'shell
reefs. They seldom move far from their territory unless
conditions become intolerable. Abrupt decreases in salinity
often cause movement to'deep channels or tidal' passes.
Spotted seatrout are generally abundant in areas with salin­
ity of15 to 350/00. In Texas and Louisiana waters, high mean
catches were found in areas with a mean seasonal salinity
between 20 to 250/00 and a mean temperature of25 °C (77
OF).

The efJ&ct ofsalinity'on juveniles. Salinity is a major
factor influencing species distribution' and abundance in
estuaries. However, salinity and otherfactois interact, and
salinity alone seldom explains large portions ofthe variation
in species abundance and distribution. Factors such as
temperature, vegetation, sediment, and' water depth of the
habitats must be included in any attempt to understand the
mechanisms underlying the population dynamics of estua­
'rine species.

Each species discussed in this section has its unique
life history parameters. Their niches may parrially overlap,
but in general they are temporally and spatially separated,
forming adynamic mosaic ofestuarine communities. These
animals have become adapted to the "normal" (highly'
variable) seasonal changes of salinity in estuaries. SalinitY
appears to have a dominating effect only when it varies in
extremes for extended periods such as in strong freshets or
droughts. These effects seem to be intensified when accom­
panied by very low or very high temperatures.

6~~ WETLAND HABITAT USE BY ESTUARINE
ORGANISMS

Introduction

In estuaries worldwide, many organisms use wetland
habitats during part of their life cycle. The effect that
freshwater inflow has on wetlands and the species that use
them has not been definitively demonstrated; however,
there is very good evidence that a relationship exists. Odum
(1974) has extensively documented primary productivity in
saltwater marshes; Deegan (1986) has shown that plant
growth in estuarine marsh communities; even for saltwater
species, is stimulated by freshwater inflow; T umer (1977)
demonstrated positive correlations between fisheries pro­
duction and areal extent of marsh; and Powell (1979),
through regression analysis, showed that the commercial



harvest of fish was related to freshwater inflow. Some
portion ofall these relationships could be the result pfinflow
effeq~ on wetland h~bitats. "

Uiltil recently, the differentiaI Use of bay habitats by
species or different size groups of the same species was not
well-established. Most investigations have focused on one
habitat at a time or simple salinity gradients across an estuary
(Peterson 1984; Renfro 1960;'~chwartz et al. 1982). The
studies thatwill be discussed in this section show that species
inhabit spatially separated estuarine habitats during the
same time period. The studies also ~how how, similar
habitats with different salinity regimes are used by ~tuarine

species, and how the occupancy ofwetland habitats changes
during and after floods.

To determine how different habitats were used by
small fishes and decapod crustaceans, and how use varied
within and among the habitats with respect to salinity
regime, studies were initiated which sampled habitats in
several areas in the estuary within a short time period (less'
than one month), with the same standardized gear. This
permitted direct comparisons among habitats during the
same .time periods. An understanding of how species use
different 'areas of an estuary is necessiry to accurately infer
causal relationships with environmental variables, and to
improve predictions of the effects that altering freshwater
inflows to the estuary will have on fishery organisms a~d

other life on which they depend. '

Study Locations and Methods

Fou~ different 'field studies (Zimmermanet:al. 1989,
1990a, 1990b, and'1990c) were completed in three estuaries
(Triniiy~San Jacinto, Lavaca-Colorado, and Guadalupe).
The field studies coinpared the occurrence offishery spe'cies
in variouS'habitats (emergent marsh, seagrass, oyster reef,
and bare bottom) and salInity regimes, and assessed the
effect of flood events on different' estuarine species. No
single estuary in which the stugies were conducted had all
plant 'species ,or habitat rypes present, but collectively the
estuaries studied represented most of the dominaflt plant
communities found within Texas estuaries.

In laboratory experiments, Minelloetal. (1990) ex­
amined'the effects of vertical structure, nirbiditY, light,

, temperature, bottdm type, food, and' salinity on white
shrimp and brown shrimp behavior. Minello et al. (1989)
compared the stomach contents from fish caught in the delta
and outer bay areas of Lavaea Bay during October (1985),
May (1986), and August (1986). The results -Were Used to
help interpret data from the field studies.

. " Trinitj-Sanjacinto Estuary. Sampling in the Trin­
ity-SanJacinto Estuary was done in three areas: the Trinity,
Delta, a mid"bay area (Smith Point), and a lower-bay area
(Figure 6.3.1). In the Trinity Delta, sampling was con­
ducted in areas comprised mainly ofemergent marsh species
(chieflybulrush, Scirpus maritimus) and submerged vascular
pl~nt species (widgeongrass, Ruppia maritima; water nymph,
Najas sp.; and wild celery, Vallisneria sp.) (Zimmerman et
al: 1990a). In the mid-estuary region, sampling was con­
ductt:din areas with smooth cordgrass (Spartina alterniflora) ,
needlerush (Juncus 'roemerianus), big cordgrass(S..
cynosuroides), and saltgrass (Distichlis spicata). There was no
submerged vasfular vegetation present within the sampled
mid-bay area. In the lowet.-estuary region, sampling was
done at sites that were mainly comprised ofemergentmarsh
species including" smooth cordgrass,. perennial glasswort
(Salicorniavir'ginica), and saltwort (Batis maritima). At one
lower"bay site (Christmas Bay), plants consisted ofemer~

gent and submerged species: perennial glasswort, shoalgrass
(Halodule wrightit), widgeon grass, turtle grass (Thaulssia
testudinum), and the seagrass Halophila engelmanni. ,

Lavaca-ColortUbJ Estuary. The Lavaca Bay study
(Lavaca-Colorado Estuary) had sample sites located 'in tw~'

different emergent marsh communities within Lavaca Bay
(Figure 6.3.2). The vegetation of the three deltaic sites ~as

Trinity Rival- Delta

Christmas
Bay, , '"

Figme6.3.L Sa~pl~ ~it"s within the Trinity-San 'Jacinto Estu'!"ty for
~mpa;ison of ~arsh use by smalrfish and decapod crustaceans.
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dominated by. needlerush, and the marshes at the three sites
located in secondary bays were predominantly smooth
cordgrass. No submerged vascular vegetation was present at
these sites (Zimmer~an et al. 1990c),

Guadalupe Estuary.. Vegetation in the Guadalupe
Estuary sampling sites in the Guadalupe delta area consisted
of sparse widgeon grass, water .nymph (N guadalupensis),
and smooth cordgrass. In the lower sites, vegetation con­
sisted of shoalgrass, widgeon grass, and smooth cordgrass
(Figure 6.3.3, Zimmerman et al. 1990a).

Studydesign. In all three estuaries, samples were taken
in bare, unvegetated bottom adjacent to the marsh, in the
emergent marsh, and within submerged seagrass beds when
present. Comparative sampling on oyster reef (composed
mostly of Crassostrea virginica) , marsh, and unvegetated
habitat was accomplished only in the vicinity ofConfederate
Reef near South Deer Island in the eastern end ofWest Bay
(Figure 6.3.1, Zimmerman et al. 1990c).

Figure 6.3.2. Sample sites within Lavaca Bay, lower Spartina marshes, and
delta Juneus marshes for comparison of marsh use by small fish and
decapod crustaceans.

Salinity regimes. Salinity varied over a wide range
during these studieS and included oligohaline (0.5 to 5%0),
mesohaline (5 to 180/00), and polyhaline (18 to 300/00)
conditions and transitions. Within the Trinity-San Jacinto
Estuary, salinities ranged from 0 to 110/00 in the Trinity
Delta area (Figure 6.3.4, sites 1 and 2), to 24 to 320/00 at
Christmas Bay site 6. Sites located within the 'estuary
between these two extremes generally had salinitieswhich
were intermediate to these values. Salinities at Lavaca Bay
sites (Lavaca-Colorado Estuary) ranged from 11 to 280/00,
generally mesohaline to polyhaline conditions (Figure 6.3.5):
Salinities in the Guadalupe Estuary ranged from oligohaline
at the delta to polyhaline in lower San ,Antonio Bay (Figure
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Figure 6.3.3. Sample sites within the Guadalupe Estuary for comparison,
of marsh use by small.fish and decapo~ crustaceans.

6.3.6). The Lavaca Delta sites .~ere slightly lesS saline, but
theywere never as fresh as the.samplingsites in the Guadalupe
Delta or the Trinity Delta areas except after a major floqd
event. Salinities in th~Lavaca Delta area decreased ,by 12 to
22%~ du~ing the period May 15 through May 25,1987, to
10/00 by June 7, 1987 (Figure 6.3.7). ' .

Collectinggear. A cylindrical drop trap 1.8 m (6 ft) 1.11
diameter was used as the collecting gear in these studies. The
trap caught a full range, oforganisms. However, 99% of the
fish and 99.9% of the invertebrates capt~red ~ere less tha1'J..
50 mm (2 inches) TL. .Consequently, the results 9f these
studies apply mainly to postlarvae and juveniles, iind the
interpret<ltions ofresults fr~m these must be restricted to"the' ,
small organisms represented in ,the samples studie~
(Zimmerman and Minello 1984)., , ,

Laboratory stud;es~ The investigators used rectangu­
la~ tanks in laboratorystu~ies filled with seawater, with gre<;n
plastic drinking straws placed vettically in the sedifl1ent to
simulate vegetation. Halfofthe tank was "planted" ~ith the
simulated vegetation in <l regular pattern resulting in equally,
spaced clumps of four str;tWS ~ach. T anks w~r~ randomly~
assigned to experiI11ental,treatments and various combi~a­
tions off~od,substrate,_sa\inity, light, turbidity, and preda­
tors were presented to brow~ and white,shrimp test subjec~s.
Behavior was -recorded, several times throughout the day
(generally five tim~ a day). "



Figure 6.3.4. Mean salinities at Galveston Bay drop-sampling sites in 1987
compared to means from TPWD monitoring data taken within 1 kin of
each site during the period 1976 through 1987.
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Abundance pattern in salinity zones. These studies
have shown that many estuarine sp~cies including most of
Texas' economically important fishery organisms make ex­
tensive use of emergent marsh surface and seagrass beds.
They als~demonstratedth~t the greatest densitiesoforgan~

611
May- June 1987

isms were in areas having mesohaline or polyhaline condi­
tions (figures 6.3.8 and 6.3.9). For finfish, the densities
observed in oligohaline or polyhaline areas were about the
same. However, the species composition berween the two
differed: red drum, spotted seatrollt, and flounder we~e

more abundant in polyhaline areas while Atlantic croaker,
sheepshead minnow and Gulfkillifish were more abundant
in oligohaline areas. Decapod crustaceans had lowest den­
sities in oligohalin'careas, intermediate densities in polyhaline
areas, and highest densities in mesohaline areas (figures 6.3.8
an'd 6.3.9). .

Useo! oyster 'reef hib'itat. Oyster reef was used
extensively by estuarine organisms but generally not by any
commercially important juvenile finfish or decapod crusta­
ceans (figures 6.3.10 and 6.3.11, Zimmerman et al. 1990c).
The stone Cf<lb (Minippe mercer/aria) was the most abundant
crustacean in the oyster reefhabitat. This'species is commer­
cially'exploited in other states to amuch greater exteIit than
in Texas. Oyster reef samples showed abundances and
'diverslties similar to 'emergent saltmarsh and seagrass mead­
ows, but they were comprised of a different set of species.

Figure 6.3,7, Saliniry change in upper Lavaca Bay during flooding of the
.Lavaca River associated with high rainfall in May and June of 1987.
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Figure 6.3.8. Mean finfish densities within the emetgent marsh and adjacent nonvegetated ateas in the Trinity-San Jacinto Estuaty detetmined by drop­
sampling surveys during 1987.
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Figure 6.3.9. Mean decapod crustacean densities within the emergent marsh and adjacent nonvegetated ateas in the Ttinity-San Jacinto Estuary
detetmin~d by dtJp-sampling surveys during 1987.

, Forage species habitat,use. Finfish species caught at
the highest densities and in the most different places in­
cluded the ~ay anchovy (Anchoa mitchelm, Gulf killifish
,(Fundulus grandis) , naked goby (Gobiosoma boser), striped
mullet (Mugil cephalus) , and bay silversides. (Menidia
beryl/ina). These species were low in the food chain and
served as forage for larger and more economically important
specle~.

Habitat use by economically importantfinfish. None
of the three major economically important ~nfish ~ught

with the drop trap (red drum, Sciaenops ocellatus; spotted
seatrout, Cynoscion nebulosus; and southern flounder,
Paralichthys let~ostigma) were captured at sites having the
lowest salinity levels (Figute 6.3.12). These three sp'ecies had

about the same densities in emergent marsh and open bay
bottom indiclting that the use of these two 'areas was about
equal.

Redfish, spotted seatrout, and southern flounder ~re

obligate carnivores (high on, the food ~hain)an4never reach
the abundance levels of omnivorous"sp~cies which use
plants, detritus, and ani~al material as,theiI:, food :SOutC~s.

Because of the low densities and the modest'amount ofdata
available from these studies, iris not possi~le to conclusively
state that these carnivorous fish do not use the freshest areas
ofthe estuahes. The~videnceat this time, however, suggests
that they do not. This is consistent with observations by
Peterson (1984) who stated that spotted seatrout (5 to 140
mm 0; 0.25 t~ 6 inches TL) in C;aminada Bay, Louisiana
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Triniry-Sari Jacinto Estuary.

preferred shallow- to medium-depth water in saltmarsh with
.broken shorelines. He also stated that all catches were made
in salinities ranging from 6 to 31 %0. All red drum catches
in this study occurred in salinities ranging from 4 to 270/00.

At least one species important to Texas recreational
fishing, Atlantic croaker (MicTopogonias undulatus) , does
use the oligohaline area. This species was captured at every
sampling station throughout the estuary. '

Habitat use by slJrimp andblue crabs. Brown shrimp
(Penaeus aztecus) , white shrimp (P. setifirus), and blue ctabs
(Callinectes sapidus) had their lowest observed densities in
the oligohaline areas and their highest densities in the

mesohaline or polyhaline areas. However, brown shrimp
and blue crabs were caught at every station in all estuaries,
indicating a very wide tolerance to saliniry conditions and
us~ ofavailable habitat (figures 6.3.11,6.3.13, and 6.3.14).
White shrimp were also caught at every station except one,
the station having the lowest saliniry concentrati9n. A
prominent forage species, grass shrimp (Palae~onetespugio),
had a very similardistribuiio'nal pattern as these other
species (Figure 6.3.15). The investigators reported that
differences in abundance between' the oligohaline and
mesohaline areas were statistically significant; abundance.
differences between mesohaline and polyhaline areas were
i~consistent, significant in some tests but not in others.
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Use ofvegetated versus bare habitat areas. Estuarine
organisms make extensive direct use of marsh and sub­
merged aquatic vegetation habitat. In general, postlarvae
and juvenile brown shrimp reach their highest densities in
marsh in mesohaline areas and polyhaline areas. Brown
shrimp also reached high densities in seagrass meadows
when it was well established. They use bare intertidal
bottom habitat at a much lower rate (indicated by lower
densities) unless vegetated habitat is not available (i.e., at
extremely low tides). Grass shrimp have·the same prefer­
ences as brown shrimp except they were more abundant.
Juvenile white shrimp were about equally abundant in
vegetated and nonvegetated habitat. This pattern was not
uniform, however. During the summer, white shrimp were
more abundant in vegetated marsh in mesohaline areas, and
in the fall they were more abundant in the vegetated marsh
in polyhaline areas.

The Zimmerman et al. (1990a) study reported signifi­
cantly higher densities in nonvegetated areas for spot
(Leiostomus xanthurus) and Atlantic croaker. Gulf menha­
den (Brevoortia patronus) and bay anchovy showed a signifI­
cant preference for open water, whereas bay silverside and.
naked goby used the two areas (vegetated and nonvegetated)
about equally. Spotted Seatrout and pinfish (Lagodon
rhomboides) showed highet densities in marsh habitat than

.in bare-bottom habitat. Red drum appeared to have equal
densities between marsh and nonvegetated habitat.

Effects offloods on habitat use. The field studies were
able to take advantage ofa period offlood flows into Lavaca
Bay to determine the immediate effects of floods on the
distribution ofestuarine species. Zimmerman et al. (1990c)
compared species densities before and after these floods.
They found no significant differences for finfishes except for

bay anchovy and gulfmenhaden after salinities had dropped
from 23 to less than 10/00 in Lavaca and Matagorda bays and
remained low for more than a week (Figure 6.3.7). Both
species were more abundant after the salinities dropped
(Figure 6.3.16). Bay anchovy a.nd gulf menhaden are filter
feeders (Govoni et al. 1983) and may have migrated into the
area to take advantage of an increased density of dettitus
caused by the flooding. Bay anchovy were more abundant
mid-way through the flood sequence, while the bays main-'
tained moderate salinity. The investigators also reported
that brown shrimp and blue crab abundance declined sig­
nificantly after salinities dropped, but that white shrimp
abundance did not (Figure 6.3.17). The result for white
shrimp could be an artifact because there were not many
white shrimp in the bay during this ti~ewith which to assess
a response.

Generalization from the field studies. These studies
confirm the idea that Texas estuaries contain a large number
ofspecies having wide tolerances to vatying salinitie~, allow,­
ing them to take advantage of the energy in nutrient mate­
rials supplied by large freshwater inflows (Copeland 1966;
Wadie and Razek 1985).

The pattern emerging from these studies is that many
estuarine organisms move as close to a freshwater source as
their physiological limitations permit to take advantage of
high nutrient concentrations, high plankton densities, and
large detritus loads resulting from freshwater inflows. From:
the generally high densities of organisms in the mesohaline
areas and the very low densities in the oligohaline areas; there'
may be an advantage for organisms to live close to the lower
limit of their salinity tolerance. They can take advantage of
conditions caused'by freshwater inflows, including benefits'
from food and cover (Minello et al. 1989, 1990). It also'

159



600

It .500

~~ 400

~~ 300
lUG>
~~ 200

:>
c 100

o

Upper delta

, After

600

500

400

300

200

100

35

30

25

20

15

10

5

o

Lower Delta

35

30 g­
25 iii E'
20 'E~

""N

15 mz'
10 ~ g'
5 c

o

Figure 6.3.16. Mean densities among fish in microhabitats of Lavaca River delta marshes before and after freshwater flooding during May and June of
1987.

12

2

o

After

Upper Delta

12

10

8

6

"1..6'!"""~-.L..4

2

25

20

15

10

5

0

Before

After

Lower Delta

25

20 c .

~~
15 ~ ~
2~o ~

10 c ~
Sl E

5 ~ 2 '

o
Brown shrimp

Blue crab
White shrimp

Figure 6.3.17. Mean densities among economically imporrant Crustaceans in microhabitats of Lavaca River delta ma~shes befor~ and after freshwater
floodi~g during May and June of 1987. '

appears that these organisms have adapted to cope with
short-term fluctuations to salinity in their environment as
they diq not quickly move out of recently freshened areas as
Zimmerman et al. (1990c) showed by sampling before and
after a flood event. This is consistent with the observations
of Schwartz et al. (1982) who recorded 77 marine species
that remained in water. of 0%0 salinity for; up to six weeks.
Obviously, estuarine organisms can cope with changes in
their environment, but .they do not sustain populations in
fresh water. Organisms may not necessarily attain their
highest densities in, nature in areas having abiotic conditions
(i.e., temperature, salinity, oxygen, etc.) that, laboratoty
studies'define as their optima. Their distribution may be

skewed from ideal conditions so,that they may seek food or
protection from predators.

Results of the Laboratory Studies'

Minello et al. (1989) showed in the laboratoty that
white and brown shrimp change their behavior and distri­
bution with respect to vegetated and nonvegetated areas
with changes in their environment. They found brown and'
white shrimp have a strong preference for vertical structure,
provided by vegetation regardless of any, available food.
These experiments support the observations from field data
that brown shrimpand, to a lesser extent, white shrimp have
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il: strong selectioWfor -vegetated areas (81 %'of browns and
75%ofwhites~ere.in simulated vegetated areas, respec-
tively)." .

. L ~

-;: Effect- of environmental change on brown shrimp
distribution. The in~estigators found 80 to 95% of all
brown shrimp to be within the vegetated areas of the tanks
at all salinities (Minello et al. 1989). Attempts to alter this
strong preference using food, substrate; turbidity, light, and
changes in salinity did not totally remove this strong prefer­
ence; At the lowest salinity (30/00), brown shrimp were more

. active, but theywere still mainly located on the vegetated half
ofthe tank. Decreasing the salinity from 20 to 30/00 resulted
iii an initial decrease in the percent of brown shrimp in the
vegetated area to 50%; however, the percent in the vegetated
halfcontinued to increase during the next four hours until it
was more than 75%.

The investigators were able to significantly manipu­
late the distribution of brown shrimp usi~gsquid as food.
Placing food only on the nonvegetated side resulted in 40%
of the shrimp being located on the vegetated side. However,
there was no significant effect of food on activity levels.
Highest mean activity was in tanks with no food (Minello et
al. 1990). The lowest concentration ofbrown shrimp in the
vegetated area (less than 30%) was attained by placing food
'on the nonvegetated side at night.

Minello et al. (I 990) also showed that brown shrimp
distribution with respect to vegetation could be altered by
the availability of a substrate which enabled burrowing.
Such a substrate only affected the brown shrimps' distribu­
tion during daylight hours when burrowing was more im­
portant. A sandy' substrate only on the nonvegetated half
into which shrimp could burrow during the day resulted in
67% of the shrimp located in the nonvegetated area. The
night-time distribution was not affected by this arrange­
ment. No measure ofactivity was made when shrimp were
tested in high turbidity experiments, although increased
activity in turbid water has been observed in other studies
(Minello et al. 1987). There was no evidence for increased
activity in tanks where light was reduced during the day.,

. Effectofenvironmentalchange on 'whiteshrimp distri­
bution. White shrimp were tested using the same types of
experiments as those used in the brown shrimp studies.
White shrimp distributions w~re not greatly influenced by
these parameters, although the experimental results from
using food,to alter white shrimp distributions were suspect
since the investigators may not have chosen a valid food
(squid) with which to test the response. The main thingthat
reduced the activity of white shrimp was the presence of :l
natural predator (flounder):

Conclusions

These studies and others demonstrate the importance
ofmarsh, seagrass meadows, and oyster reefs to the ecologi­
cal health and biological productivity of Texas estuaries.
They also strongly imply that a significant loss of marsh or
seagrasses would result in a loss in total productivity and
increased predation; these losses would be directly observ~

able in reductions of annual biomass in shrimp, crabs, and
many forage fish on which other fishes depend.

The studies also provided a number ofspecific conclu­
sions about the comparative use ofhabitat'areas by estuarine
species. Many species (but not all) were several times more
abundant in marsh and seagrass habitats than in nearby open
bay areas. Postlarvae.and juveniles were more abundant in
mesohaline andpolyhaline marsh and seagrass areas than in
oligohaline sites. It appears that many species tend to move
as close to the oligohaline area as their physiological toler­
ances will allow.

Many fish species and posSiblywhite shrimp remain in
marsh habitats during post-flood, low-salinity conditions
even at some metabolic cost. A few species move to these
areas during or after floods, possibly to take advantage of
detritus or induced plankton blooms. The abundance of
brown shrimp and blue crab decline significantly -after
salinities drop.

In behavioral studies, brown and white shrimp pre­
ferred "vegetated" vertical structure to bare areas even when
salinities dropped to low levels. This behavior was modified
only if food items or preferred burrowing substrates were
offered. -

Oyster reefs have a similar diversity and abundance to
marsh and seagrass communities. The reef community,
however, contains a different set of species.

6.4 SALINITY EFFECTS ON ADULT AND
JUVENILE FISH METABOLISM

Introduction

Energy use by fish. Like otner animals, matine fish
obtain the energy required for their life cycle from the food
they eat. Conceptually, we can view the energy budget ofan
adult marine fish as being divided into three components­
one part for body maintenance, another for growth, and the
third portion for repro'duction of the species. When envi­
ronmental conditions become stressful, the amount of en-

_ergy required forpody maimena,I1c~caI)increase.dra,iTIati:','!'i":
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Figt\,re 6.4.1. Upper pa,;el.,....:;;Ui~ity stress effects on'the merab;'li.sm of
sported seatrout at standard (lower line, !iiamo,'lds):/()utine (mid,dle lin~,

triangles), and maximum sustained activity levels (upper line; circles,a.re
observed, squares are statisticalf~~cdJc.Ja;edj-witl~ ali fish fully ac~lim'a;;d
to each test salinity and 28'oC temper~~1're condit,ions. Lowe~ ~ane.i;;'l
effecr of salinity stress on fish scope for' activity (from Wohlschlag' {tid
Wakeman 1978).

.the same. metabolic rare t;x4ibi!~4 by)rlactive,rece~t1y:fe~
fish; therefore, it may be <:oI1~idered; roughly equi~aler:lt;t<?

the metabolic energy level required for digestion and OlSfi!Jli.­
lation offood (Wohlschlag 1976; Wohlschlag et al. 1977;
.Wakeman,1978). Moreover; wilen,the rou!ineme.tabolic
Jevel is r,e~uced by eI1viron~ef,lf3),fac:~ors,;~uch ~ sa,linjty
s~ress, below; t!Ie poil1t wherel1o'rmaJ-Joraging ,behayi.9f an4
bqdy Il!aintenance <;an occ~r; it m.ay besonsideredb~!owt!).!

ecolqgical mainte!1al1ce I,evel l?f:.t,hc:; ft~jl (Br:~~t 19.'7q):, ,:Iv
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under laboratory conditions to a salinity regime of about
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cally, leaving little or no energy for fish growth and repro­
duction (Fry 1971; Brett 1979; Brett and Groves 1979).

Rates ofmetabolism. Three kinds of metabolic rate~

are,considered here; the distinction between them is of

per~rio~r1t,i,mpqrt.~nce i~: 4e,t~p~li.I,1il}g th,eecoiogical relf ,

evance of the stu~y"r,esults (li()let()r. 1.974). First isth~

standard rate, the lowest maintenance rate possible for
completely quiescent and fasted (unfed) fish. Second is the
active rate when the, fish is' swimming at its maximllm
sustained sp~ed.·The differ~~ce)y'subtra~tionbetween th~~
active and the standard rates is particularly important be­
cause it defines the fish's "scope for metabolic activity." The
third metabolic rate ofinterest is the routine rate, an ecologi­
cally~operati(;>nal level that lies between the standard and
maximum activity levels of the fish. '" ,. ':0
~. .. ,.. ' •• J .' ~ .' '. " ... '"

'Routine' metab~lic rate. General obse~ations and
the~reticai'c~nsider~tionsr~lated t'O ~he ~ptimal sWimmin~
spe'ed ?ffish w~uld ~rtpport ch~~a~t~rizationof rh~ routine
activity level as a norma.!~foraging speed of about one body,
length per second ~~ihs, 1973; W<?hlschlag and Wakeman
1978). Interestingly, the routine rate also represents about

;;; H, ;..¥~tqbolic cf.stiofif!nifa,n,d 0S1!'0tic .r,egula,ti.on. The
l11!;tal;>oliscost qf re~!ating,iq.t~rnal body s~lts:(iCln-osmo,.

reg\l.latipg) ip th~ estuarine,depe.nd~n~fishesofTexas has
~eenstu~ied by me;u;uring fish a~ti.vityl~vels and metabolic
rat~'~ndervaryi~gsalinityconditions(KJoth andWohlschlag
19~7.;. C~~h·.·and .. W ()hls'chl?g ,1975; ~~hlsc,hl;g 19.76;:
Wohlschlag et al.1977; Wohlschlag and Wak~man,l978;

Wohlschlag et al. 1980a, 1980b). A common feature of
these studies was use of the fish's metabolic activity level as
~.n·~t~,~,:J 'qpressj()~ ;;f sali~ity stress, which can()ccu~ in
I5x~,b.ays afl~ estuaries; durjng periods .of bigh (£1ood)01-:
19w.~drought).fres~watt:r inflqw:

~);~\h. ..•~:;"'<.'·IL'·[1.~~ .t .... 1

Texas Study Results

. ., ~, .;. - .~ .
; \'rEnv~ro.nmen,tal influences onfish e7Jergetifs. Environ,

m.~!1tal f~ct()~s which in~uen<;e fish eryergetics can be c1assi­
~!4; as eith,er controlpl1g, qtaslqng,.directive,. or limiting
facto~s (Fry);>71)•.For,exampl~, teqlperature is a control­
IjngJ~~tC!~:~hat g9~e~ns F.hemical rea.ctio~ rates; salinity isa
fi.}'1f,kjng factorthat i~cr~a,'iesthe metabolic cost ofregulating
internal body, ~alts; phC!t()peri~9 (the amoul)t ofdaily light)
is a directive factor that affects hormonal (endocrine) activ­
im}..I,1d ~xygen supply, fish. si:z:e, ami food availability are
liITI~t,in,g factors that can restrict growth through several
~i.ffe.~ent .mechanj~ms. (Brett and, Groves 1979t.Althougi;t
frespwater i.nflows call affect Texas estuaries an~ their living
~~~?}l~f~~;~h~ough ,ma~y fa(;~ors,. perhaps the fi1()st dire<;t and:
r,n()st~pparentef(eH.s ocsur ~ aresult.ofcbangl:S associated
with b~y ~aliI1ity <:onditions.. ,! L,'
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Figure 6.4.2. Panel A-Comparison of standard (lower bar), routine (middle bar), and active (upper bar) metabolic rates and swimming speeds of spotted seatrout over a range ofsalinities; companion graph
shows the scope for activity at low, high. and optimum-(200/00) salinity levels. Panel B--Temperature effects on the metabolic comportents under summer (28°C) and winter (15°C) conditions. Panel C-­
Effects of mild "red tide" bloom in Nueces Bay waters on the components of fish merabolism; stressed fish were not capable of "sustained" activity and stopped swimming after a few minutes; the dashed bars
in the metabolism and scope graphs indicate metabolic levels had the active metabolism been the same as for normal animals; a stressed scope measurement was made, but at a lower level ofactivity. Panel D-

Large fish in relatively poor condition compared to normal fish at near seawater (300/00) salinity (from Wohlschlag 1976). .
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Other estuarine fish. Using this same measure,of
performance, Wakeqtan (978) was able' to show that the
maximum sust~ined swimming speeds of several common
estuarine fish occur when salinity conditions are betWeen
20-300/00 (Figure 6.4.5). Specifically, at 28°C the maXimum
swimming speeds were recorded when salinity levels were··
about 200/00 for the spotted seatrout, a~out 25%;; for the
redfish, about 25-300/00 foc the sheepshead (A~chosargus

probatocephalus) ,and about 200/00 for the bl~ckdrum (Pogonias
cromis). In addition, the optimum salinity conditions for
maximum performance of the sand seatr~:JU.t. «(';ynoscion._
arenarius) .was determined 'to be about 250/00, while the'
optimum salinity for the Atlantic croaker (Micropogonias
undulatus) was estimated to be approxiIriateIy'300/00 under' ;
cool (22°C) temperature conditions (Wohlschhig et al."
1977),

20 30

Salinity (%0)

Figure 6.4.4. Effect ofsalinity on maximum sustained swimming speeds of
"red drum at 28 DC (from Wohlschlag et al. 1977). .
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Figure 6.4'.3. Upper Panel-Salinity effects on standard (lower lines) and
active (upper lines) metabolic rares of red drum. Lower Panel-Effect of
salinity on fish scope for activity; encircled points are observed at 28°C.
while points in squares are calculated statisricallyat20 DC (from Wohlschiag
et aI. 1977).
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scope for ms:rabolic activity by either reducing the ,active
rate,.; incr~aSing t~e standard, rate, or both (WoWscWag
1976).

Metabolism in red drum. Similar results for the red
drum ~r redfish (Scia~nops ocellatus) are, given in Figure
6.4.3: . Unqer summer tempera~ure 'conditjon,s ,(28.°C),
metabolic rates' and the maximum scope for metabolic
activity are optimum at about 20o/~; howev~~, 'when th~

redfish is tested under the cooler (20°C) conditions which
typi~~yoccurin early sp~ing and late fall, a slight shift ofthe
optimumsaliniry to about 250/00 has been observed
(WqJUschl~g et al. 1977). The increase of the salinity
optimum toward more marine conditions when tempera­
tures are low may be. a common response of many Texas
coastal fish species (WoWschlag et al. 1977). Also, since the
sustdined' (greater than one hour) swimming speed was
found to be maximum at the optimum salinity, WohlscWag

.(1976) suggested that the maximum sustained speeds alone
could be llsed to identify the optimum salinity levels ofmost
coastal fish. At 28°C, the maximum swimming velocity of
the redfish peaks at approximately 250/00, dropping off
rapiqlyas salinities are either increased or decreased from the
optimum (Figure 6.4.4). Beca~se the redfish, along with
most- other estuarine-dependent fish, is considered to be
el!ry.haline (widely salt-tolerant), the relatively strong steno­
hiiline (n~.rrowly salt-tolerant) response to salinity is some­
w,lia~ surprising.
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Effect ofsalinity on juvenile metabolism. Although
the optimum salinity for juvenile fishes may be similar to
that of the adults, there are important differences. For
example, the metabolic scopes for activity in juvenile (fin­
gerling) spotted seatrout, redfish, and Atlantic croaker are
higher and broader than those exhibited by adults of the
same species (Figure 6.4.6). This means that the juveniles
have more energy for growth and that they are more

. euryhaline than adults (Wohlschlag et al. 1980a). Also,
since salinity can fluctuate considerably in estuaries, the
young fishes that use them as nurseries must be capable -of
relatively rapid acclimatization to changing salinity condi­
tions. From experiments conduetedwith juvenile spotted'
seatrout and redfish, Wohlschlag et al. (I980b) concluded
that metabolic stabilization occurs to a large extent by about
30 hours after the salinity change, and the short-term
acclimatization is virtually complete by about 48 hours. In
addition, it appears that rapid decreases in salinity, which
can occur in Texas bays during river flooding, result in less
stress on the juvenile fishes than equally rapid increases in
salinity, which ordinarily occur slowly in nature (Gunter
1979): Furthermore, the smaller juveniles exhibit greater
decreases in their active metabolic rates during the initial
reaction phase than do larger specimens, but the time to

recovery· (acclimatization) is generally shorter, probably
because ofthe relative differences in the gill surface-to-body
volume ratios (Gunter 1979; Wohlschlag et al. 1980b).

Conclusion

Freshwater inflows can affect Texas estuarine-depen­
dent fish in many ways, but perhaps the most direct and
apparent effects occur from changes in bay salinities. Re­
searchstudies on salinityeffects observed in spotted seatrout,
sand seatrout, red drum, black drum, sheepshead, and
Atlantic croaker have demonstrated that an adult fish's
scope for metabolic activity can be reduced to critical levels
when salinity conditions deviate substantially from the
optimum of20 to 30%0. Although the optimum salinity for
juvenile fishes is similar to that of the adults, the scope for
metabolic activity is larger in the juveniles, and their opti­
mum performance extends over a broader range ofsalinity
conditions. These results, along with their relatively rapid
(30 to 48 hours) recovery from fluctuating salinitycondi­
tions, suggests that the juveniles are specifically adapted to

use Texas bays and estuaries as nursery habitats for their
growth and maturation.

Figure 6.4.6. Comparison of salinity effects on' merabolic scopes for
activity of small (5) juvenile and large (L) subadult. to adult spotted
seatrout, red drum, and Atlantic croaker at 15 DC (from Wohlschlag
1980a).

The previous section illustrates how differences in
~alinity affect the respiratory metabolism ofestuarine boney
fish (teleosts). It is clear that the salinity of estuarine water
strongly influences the energy available to the organism for
swimming, growth, and other metabolic functions. This
section examines the effects of salinity on one of these
metabolic fjJnetions, reproduction.

6.5 EFFECT OF SALINITY ON ADULT
REPRODUCTION, lARVAL SURVIVAL, AND
DEVELOPMENT OF FISH

Background. The effects ofsalinity on reproduction
can be divided roughly into three aspects: the effects on
development of gametes in adults; the effects on eggs
through hatching; ahd the effects on larvae after they have
been released to the aquatic envi~onment. Thomas and
Boyd (I989) point out that there is almost no information
on the effects ofsalinitY on ovarian growth. Most informa­
tion about the effects of salinity on reproduction have
focused on physiology and development, with some work
on egg and larval survivai. Holliday (1969, 1971) reviewed
older literature on egg andlarval development, and Alderdice
(I 988) has reviewed more recent studies. In general, studies
ofegg and larval survival have shown a pattern similar to that
described by Alderdice and Forrester (I 968). There is a
central range of salinities and temperatures over which
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fertilization, hatching, larval development, and survival is
succe~ful. Toward the upp~rand lower ends ofthese scales,
various problems occur including egg collapse, irregular
cellular development, weak larvae, and abnormalities in
larval development. The Atlantic croaker (Micropogonias
undulatus), red drum (Sciaenops oce/latus), and spotted
seatrout (Cynoscion nebulosus) are among the most abundant
sport and commercial fish species in Texas estuaries. These
thr:ee species illustrate the range of reproductive patterns
displayed ,by estuarine fish.

, . Spotted seatrout reproduction. As noted in Section
6.~, seatrout usually spend their entire life cycle 'Vithin the
estuary. Adults generally spawn in the bays or near the
passes. B~own-Peterson et al. (I988) reported spotted
se;J.trout spawning along the edges ofseagrass beds, and Hoir
et al. (I 990) presented evidence ofseatrout spawning in the
lower portion of the upper Laguna Madre far away from a
Gulfpass. Spawning may occur over a long period, February
through September or October, but there tend to be spring
and fall spawning peaks. Eggs undergo rapid development
and hatch in .one to two days. Relatively little is known
about larval or juvenile habits, although the latter are
thought to remain in the deeper portions of the estuary
during winter; both stages are frequently associated with
bottom vegetation Oohnson 1978). .

Atlantic croaker reproduction. Lassuy (I983d), in a
review of the life history of the Atlantic croaker, noted that
they do not reproduce in the estuaries like seatrout, but
migrate to the Gulf to spawn offshore. Some of the ovarian
dev~lopment of the females may occur while croaker are
resident, in the estuaries. Johnson (I978) concluded that
spawning ofAtlantic croaker on the East Coast occurs over
a wide area and extends a considerable distance offshore. He
no~es that spawning does not occur just around the passes,
but may occur there when conditions are favorable. ,There
is some uncertainty about the location ofspawning.. Bearden
(I964) found ripe females 48 km (30 mi) offshore on the
South Carolinacoasr, but Pearson (I 929) and Par~er (I971)
suggested that spawning occurs in the Gulf near pass,es.
Generally, adult croaker migrate in late summer and fall,
and spawning occurs from October thrpugh March, with
the peak period occurring in November. Spawning in the
Gulfhas n,ot been directly observed, however (Lassuy 1983d).
After spawnirjg, eggs are pelagic and take less than one week
to ~atch. Not m';lch,is known .about larval, habits after
hatching; ,Lassuy (I983d) states that larvae and post-larvae
may spend some time as part of the plankton and become
demersal (bottom dwelling). Many larvae return to the'
estuary, although small croaker are caught in offshore trawls
year-roun~., Adult croaker reenter the bays during the
spring.

Redfish reproduction. The life cycle of red drum falls
between that oftheAtlantic croaker and the spotted seatrout.
Maturing red drum migrate to the Gulfin late summer and
early fall, and spawn from mid-August through December.
Their migration and spawning is earlier than the croaker's~.

Older adultsfrom the Gulfreturn to the passes in the fallto
spawn, but rarely reenter the estuaries as adults (Perret et al.
1980). Referring to several studies, Reagan (I985) noted
that spawning takes place in deeper water near bay.mouths
and inlets, and on the Gulf side of barrier islands in some
areas; Holt et al. (I 985) collected eggs as far as,24 km (I4.9
mi) offshore, and Lyczkowski-Shultz et al. (I 988) collected
larvae as far as 34 km (21.1 mi) offshore. Johnson (I 978)
described the spawning location to be on outer coasts near
passes ,and channels, but not entirely confined to passes:
Johnson and Funicelli (I991) reported spawning of red
drum in Mosquito Lagoon, Florida, and attributed the non­
oceanic spawning behavior to'sea-like salinity conditions in,
the lagoon. Ljttk is known about the eggs or larvae in the
Gulf, although Marley (I983) reported that eggs were car­
ried into Mobile Bay with high salinity currents~ In the .
estuary, postlarval red drum are known to inhabit seagrass
and marsh areas.

Most of the information concerning the relationship
between egg or larvae and sali.nity for these species is de~crip­
tive and comes from studies of distribution or life history.
Only indirect inferences about salinity relationships can be
drawn from major life history studies involving Atlantic
croaker (Hildebrand and Cable 1930; Fruge and Truesdale
1978; Lewis and Judy 1983) and spotted seatrout (Pearson
1929; Tabb 1966; Perret et al. 1980; Holt et al. 1988;
McMichael and Peters 1989), largely from saliniry observa­
tions when collections were made. The same sort of anec­
dotal information is available for the red drum Uaniike
1971; Crocker et al. 1981; Holt et al. 1983; Marley i 983;
Peters and McMichael 1987; Holt et al. 1988), although
Holt et al. (I981a, 1981 b) conducted studies on the ~ffeets

of temperature and salinity on hatching and survival "of
larvae for periods of up to two weeks.

From experimental studies involving some of th~se
species, Thomas and Boyd (I989) described the effects of
salinity on ~ep;oduction in adult fish. Holt and Banks
(I989) and Thomas and Boyd (I989) also measured the
effects ofsalinitY on fertilization, hatching, and larval devel­
opment.

Effect of Salinity on Adult Reproductive Development

, .
Spotted seatrout. Thomas and Boyd (I989) investi-

gated the effects ofsalinity on reproductive endocrine func­
tion and ovarian growth in adult spotted seatrout. 'Fish were.
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Figure 6.5.1. Ratio of the gonadosomatic index at the end of the 30-day
growth period with the gonadosomatic index from the beginning of the
period, showing the relative amount ofgrowth of the ovaries compared to
the body weight for spotted seatrour; the four bars on the left show the
relative ovarian growth under four salinity regimes during the first 30 days
of gonadal development; the three bars on the right show rhe relative
ovarian growth during the next 30 days, before spawning; females held at
100/00 did not survive the, second 30-day period (data from Thomas and
Boyd 1989).
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captured and held at 30%0 for three weeks to acclimate to
laboratory conditions: Then the saliniry was altered in steps
of 5%0 per day so that four saliniry groups were established
in holding tanks, 10,20,35, and 450/00. Temperature and
photoperiod were chosen to reflect spring conditions, and
samples were taken at the end of 30 and 60 days. The
experimental design included replicate tanks for error analy­
sis. Thomas and Boyd sampled gonadal steroids (estradiol
and testosterone), made histological examinations of go­
nadal tissue, and used a gonadosomatic index (GSI), which
is the ratio ofthe gonad weight to the body weight expressed

. as a percent, to evaluate reproductive status.

Figure 6.5.1 compares gonadosomatic indexes in suc­
cessive 30-day periods for spotted seatrout. The ratio ofthe
gonadosomatic index for animals after 30 days and the index
for control animals (collected before the acclimation period)
shows that initial ovarian development is sensitive to accli-

. mation saliniry. Ovarian growth was highest for animals
held at 350/00, followed in order by 45,20, and 100/00. The
GSI for females held at 350/00 at the end of 30 days was
significantly higher than the control GSI.

In the next 30-day period, seatrout held at 100/00 did
not survive through the end ofthe experiment. The relative
ovarian growth for fish held at 20,35, and 450/00 was very
similar, however, and was lower in the second 30-day period
than in the first 30 days (Figure 6.5.1). Atthe end of60 days,
GSI's of both the 35 and 450/00 females were significantly
higher than GSI's offemales from the corresponding salini­
ties at the end of the first 30 days.

Similar results were demonstrated by the gonadal
steroid measurements, with 350/00 fish having the highest
levels of both estradiol and testosterone. In relative terms,
the changes in ovarian growth and gonadal steroids for the
holding salinities were greater for the first 30-day period
than for the second 30-day period. In addition, microscopic
examination of ovaries showed that 350/00 females had a
higher proportion of ooeytes developing into eggs than
females held at the other salinities. Thus, fecundiry 0050/00
females was higher than for the other saliniry groups due to
greater ovarian growth and greater development of ooeytes
into eggs.

Thomas and Boyd concluded that ovarian growth and
endocrine function in female spotted seatrout is signifi­
cantly altered over the saliniry range of20 to 450/00, although
the greatest saliniry effect appears to be in the early period of
ovarian development. Salinities of 350/00 appeared to be
optimal, while lower salinities (200/00 or less) suppressed
ovarian growth and caused more reproductive interference
than higher salinities (450/00). They also looked at the effects
of salinity on male spotted seatrout reproduction but con-

cluded that it was not significantly changed over the 20 to
450/00 salinity range.

Atlantic croaker. Thomas and Boyd (1989) did
similar studies with Atlantic croaker. Animals were held for
three weeks at 300/00; then, salinities offive groups ofanimals
were adjusted over a 10-day period to 5, 15, 25, 35, and
450/00. Photoperiod and temperature were selected to simu­
late fall conditions. The experiments, first done in 1987,
were repeated in 1988; samples were taken 22 to 25 days
after the holding salinities were established. Thomas and
Boyd noted that they were unable to capture croaker in the
earliest stages of ovarian development for a direct compari­
son with seatrout; in 1987, the croaker ovaries were in a more
advanced stage ofrecrudesence (ovarian development) at the
beginning of the experiment than for the spotted seatrout
experiments.

In 1987, there were no significant differences among
the fish held at different salinities for GSI (Figure 6.5.2) or
for the gonadal steroids testosterone and estradiol. In the
1988 experiments, however, GSI was significantly lower for
fish held at 25 and 450/00 than for those held at 5 and 350/00
(Figure 6.5.2). Estradiol levels and the proportion ofoocytes
that would develop into eggs were lower for high-holding
salinities than for low-holding salinities.

Thomas and Boyd concluded that ovarian develop­
ment in croaker in the last three to· four weeks prior to
spawning is relatively insensitive to different salinities in the
5 to 350/00 range. Holding tank salinities of450/00 may result
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Year

Figure 6.5.2. Gonadosomatic index ofAtlantic croaker at the end of 22­
to 25-day holding periods at five salinities; bars on the left were from 1987
experiments,. while bars on the right were from 1988 experiments (data
from Thomas and Boyd 1989).

in decreased gonadal steroid production, fecundity, and egg
development, although additional experimentswill be needed
te: clarifY this point.

General effict ofsalinity on adult female reproduc­
tion. The GSI and gonadal steroid levels of adult female
spotted seatrout differ substantially depending on salinity
during the first 30 days of gonadal development, with the
gre~test .ovarian gro~h occurring at 350/00 and the least
growth occurring at 10%0. The second 30 days of gonadal
develop~ent in the searrout up to the point of spawning,
and,the 22- to 25-day period before spawning in Atlantic,
cr~aker, is relatively insensitive to the effects of holding
salinity. : Thus, for female fish it appears that the greatest
effect ofsalinity on reproductive development occurs during
th~ ~arly stages of~varian'development,and that later stages
ar~ relatively insensitive to salinity differences.

Effect of Salinity on Egg FertiIizationand Hatching

As soon as adult fish spawn, the eggs are exposed to the
ambient salinity of the water. The eggs are fertilized,
undergo eJl}bryologica1 development, and hatch. Each of
these developmental phases differs slightly in the manner in
which the osmotic ,environment is regulated. A freshly
spawned egg is u"su~ly subjected to a hypertonic environ­
ment, where the osmotic concentration is greater outside the
egg dian i!1side. Alderdice (1988) noted that eggs, which are
relatively permeable, to water and ions at spawning, go
through rapid decreases in perm~ability during the first,24
hours after fertlIization. The plasma membrane remains
relatively impermeable until later stages in the embtyonic
development when perme~bi.lity may increase again. Ini­
tially, the. plasma membrane ,and cells of the blastula stage
handle ion regulation in the developing egg. Epithelial
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chloride cells, particularly on the yolk sac, form shortly after,
the egg passes through the gastrula stage of development.
They contribute to ion regulation for the embryo as devel~

opment proceeds, and continue operation through hatching
and into the post-hatch period. Thomas and Boyd: (1989)·
studied the effects ofsalinity on fertilization and hatching of
spotted seatrout and Atlantic croaker. "

Spotted seatr:out. Seatrout were first acclimated to
laboratoty conditions for three weeks at .300/00; then salini­
tit;s were adjusted over a 10-;day period to the test salinity
levels (l0, 15,25,35, and 500/00). The animals were held for
periods of up to four months. Water temperature and
photoperiod were varied to mimic local conditions from
spring through summer; spawning was induced by injection
with luteinizing hormone-releasing hormone. Some experi­
ments (10, 15 and 500/00) had to be repeated because all
females died before, spawning. ,.

Thomas and Boyd (1989) measured percent fertiliza­
tion and hatching at the five salinities. Fertilization:in
spotted seatrout was high over the 10 to 350/00 salinity,range,
though somewhat reduced at 500/00. Fertilization at 150/00
Wall very low (15.8%), but Thomas and Boyd speculated this
was the consequence of there being only one male. in the
holding tank for this experiment instead ofthe usual two or
three. Hatching rat~ was also high over the 10to 350/00'
range, but much lower at ,500/00. Figure 6.5.3 shows the
combined effect ofsalinity on eggs from spawning through
hatching as the product of the. percent ofeggs fertilized and
the percent of fertile eggs hatched (at 350/00 for example"
80.8% fertilization x 80.6% hatching = 65.1 % survival
through hatching). Although hatching occurred over a
broad range of salinities, larval abnormalities increased the
more the ,holding salinity,deviated froin 350/00.

Excluding the 150/00 measurements, seatrout egg sur­
vival through hatching has a proad tolerance to salinities in,
the 10 to 350/00 range. Only when salinities are greater than
350/00 does survival through hatching decrease substantially.
Thomas and Boydconcluded that spawning and short-term
survival do not app,ear to be salinity~sensitivebetween 10
and 350/00 'in spottedseatrout.

AtlAntic croaker. Croaker were also acclimated to
laboratoty conditions and salinity was adjllstedto 5,15,25.
35, and 450/00,over a 1O-day period. Water temperature,an4
photoperiod were manipulated to produce conditions simi­
lar to fall throughearly winter. Spawning ,was induced by
hormonal injection. Fertilization and hatch rate data were
collected for eggs in each treatment.

Fertilization was highest at 25 and 350/00, but was .
substantially lower at 15 and 45%0; fertilization was com-
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Figure 6.5.3. Percenr ofeggs spawned rhar survived rhrough harching for
sponed searrour ar different salinities; low survival rare for 150/00 may be
due CO poor fercilizarion since only a single male was presenr in rhe rank
(dara from Thomas and Boyd 1989). "

Figure 6.5.4. Percenr ofeggs spawned thar survived rhrough harching for
Adanric croaker ar differenr saliniries; no eggs were fercilized at 5%0, and
none of rhe eggs fercilized ar·45%o harched (dara from Thomas and Boyd
1989).

pletely unsuccessful at 5%0. Egg hatching was reasonably
successful (60% or greater) over the 15 to 350/00 range. No
eggs hatched at 50/00 since none were fertilized. Although
about 9% of the eggs were fertile at 450/00, none of them
hatched successfully. Combining fertilization and hatching
in the same manner as for spotted seatrout, Figure 6.5.4
shows that survival through hatching was optimal at 350/00,
a little less at 250/00, and substantially reduced at 150/00.
Larval abnormalities were about four times as prevalent at
150/00 as at 350/00. Thomas and Boyd (1989) concluded that
the salinity range for successful croaker development from
egg through larva is limited to 25 to 350/00.

Red drum. Holt et al. (1981) determined that egg
hatching and larval survival were optimal at 300/00. They
noted that lower salinities usually resulted in lower survival.
Holt and Banks (I 989) measured egg hatching and 3-day
development. Their methods were not directly comparable
to those of Thomas and Boyd (I989) since eggs were
transferred to test salinities 12 hours after they were fertil~

ized rather than being held in constant salinities from egg
development through hatching. The range ofsalinities over
which red drum eggs hatched was broad. More than 60%
of the eggs hatched at 50/00 on the low end of the salinity
tolerance, and nearly 70% hatched at 600/00. The delay in
transferring fertilized eggs to the test salinities apparently
bypassed the most salinity-sensitive period in post~fertiliza­

tion egg development.

General effect ofsalinity on survival through hatch­
ing. While salinity has little effect on the later stages of
ovarian development in adult female estuarine fish, its effect
on fertilization, development, and hatching ofeggs appears
to differ from one species to another and to be consistent
with the fishes' life histoty. Survival from spawning through
hatching in spotted seatrout, which remain in the estuary

throughout their life cycle, was high over the 10 to 350/00
salinity range, but was substantially reduced at 500/00.

Equivalent levels ofsuccessful survival from spawning
through hatching in 'croaker occurred only at 25 to 350/00,
and was substantially reduced or zero at other salinities.
Spawning, egg development, and hatching in Atlantic croaker
normally occur in the Gulf at salinities around 350/00, so it
is unusual for croaker eggs to experience other salinities.
Thomas and Boyd's (I989) data suggest that survival from
spawning through fertilization in both species i~ more
sensitive to high and low salinities than survival through
hatching after fertilization has occurred.

I

Experimental studies involving red drum were not
directly comparable to those of seatrout and croaker since
the first 12 hours after fertilization were not included in the
survival" test. Nevertheless, the wide salinity range over
which at least 60% ofthe eggs hatched (5 to 600/00) probably.
indicates that the pattern ofsurvival though hatching in red
drum is more like seatrout than croaker. This is consistent
with the spawning" pattern of red drum, close rei the inlets
and openings of bays to the Gulf, so that eggs and larvae
rapidly return to the estuary.

Effect of Salinity On Larval Development in Fish

The general osmoregulatory tendency ofadult estua­
rine fish is to continuallylose water to and gain salts from the
aquatic environment iri which they live. Estuarine fish have
developed several physiological means to regulate their
water and ionic levels (Alderdice 1988). They drink estua­
rine water and absorb monovalent ions and water through
the intestinal wall' while excreting most divalent ions; they
excrete monovalent ions through the gill epithelium and
both types of ions via the renal system; and they selectively
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.rake up certain ions (Na+ and Cl-) through the gills and
renal system. When fish eggshatch into larvae, the water­
regulating capabilities ofthe gill epithelium, intestinal wall,
and renal system are not well developed. The larVae initially
depend on ~hloride cells in their epithelium for most of
their ionic and osmotic balance until the gill s, gut, and renal
organs are functional. Alderdice (1988) noted,that there is
little information on how i6nic and osmotic r~gulation

changes from chloride: cells to the ~ther organs in develop­
ing teleost larvae; it appears, however, that the timing ofthe
changeover is variable. Alderdice speculated that it may be
related to the life history of the species.

o

, Spotted'seatrout

8 16 24 32

Salinity (%0)
40 48 56

Holt and Banks (1989) investigated the hatch rate
and survival of spotted trout, red drum, and Atlant.ic
croaker. They used a variety ofmethods to ensure a supply
of fertile' eggs for experimental study including capturing
animals migrating through the Aransas Pass and inducing
them to spawn by injectinghormones, collecting ripe adults
in the field and stripping the eggs and milt immediately
upon capture, and culturing spawning stock in the labora­
tory. While Holt and Banks did a number ofdifferent rypes
ofexperiments to test the effects ofsalinity on egg and larval
dc:velopment, their acute salinity tolerance tests ;Ulow the
best comparisons among the three species.

Spotted seatrout. Eggs were spawned, hatched, and
helq at 32%0, and acute 187hour salinitywlerance tests were
conducted for larvae that were 1,3, 5, 7, and 9 days old.
Test ,salinities ranged from 0 to 560/00. The lethal doses
(salinities) at which -50% .of the larvae died (L050) were
calculated for the upper and lower ends ofthe salinity range.
Figure 6.5.5 shows the ranges determined by the experi­
ments. The black horizontal bar (L050 range) defines the
sal.inity range over which 50% or more of the larvae sur­
vived. The gray bar eitcloses the 1°50 range and show~ the

. total salinity range where there was some larval survival. In
a few cases for spotted seatrout, the total saliniry range does
not extend beyond the L050 range. Bars that touch the
vertical axes at the extreme salinities (0 or 560/00) show that
some larvae survived even the most extreme salinity. If the
bars do not touch the vertical axes, however, no larvae
survived beyond the salinity indicated by the end ofthe bar.

The L050 salinity range for the survival of spotted
seatrout larvae is wide, varying from 2 to 6.50/00 at low
salinities and 42.5 to 500/00 at high salinities, depending on
larval age. An' interesting point is the narrowing of the
L050 bar for three-day larvae. Holt and Banks noted th~t

three days is approximately the, time of first feeding by fish
larvae. They suggested that the chloride cells anddevelop­
ingosmoregulatory organs of some larvae may not be able
to regulate the mineral load taken in with food and water by
larvae during initial feeding, thus increasing mortality at the

Figure 6.5.5. Survival from acute 18-hour salinity tolerance test for 1-,3-,
5-. 7-, and 9-day-old spotted seatrour larvae rhar were spawned, harched,
and held ar 320/00; tesr saliniries ranged from 0 ro 56%0; rhe black
horizonral bar (LD50 ra'nge) defines rhe salinity range over which.50% or
more of rhe larvae survived; gray areas at rhe end of rhe black bars indicate
salinities for which survival was less than 50% (da~a from Holt and Banks
1989).'

upper and lower ends of the salinity scale. As the organ
systems develop over the next few days, the L050 bar
broadens, showing improvement in larval osmoregulatory
capability. Age-related differences in saliniry response were
not surprising and were reported in Holliday (1969) for
several speCies of marine herring and plaice. .

In addition to tests on larvae spawned, hatched, and
held at 320/00, Holt and Banks ,(1989) performed acute
salinity tolerance tests on larvae that had been spawned and
reared at lower salinities. They compared the upper L050
salinities for seatrout larvae spawned in Aransas Bay (spawn­
ing salinity 32%0) and. larvae spawned in Copano Bay
(spawning salinity 240/00). Larvae spawned at the higher
salinity had much higher LD50 value,s for the upper limit of
salinity at 1, 3, 5, anci 7 days than animals spawned at the
lower salinity. These results suggest, that maternalacclima­
tion salinity probably has some bearing On egg and larval
survival, although differences inosmo~egulatory require­
ments ofseparate fish populations canne)t be ruled o·ut.

While L050 is a well-defined statistical mea$ure for
describing and comparing biological responses, it is not
necessarily the most appropriatemeasurementJor determin­
ing the salinity range that provides adeq~ate larval recruit­
ment ~nd'survival for population n,taintenance. L050
deliberately excludes other factors present in the natural
environment which might interact with salinity and tesult in
toletance differences. By combining data from several differ­
ent tests; Holt and Banks (1989) defined the salinity range
for larval development in which there was negligible salinity­
related, mortalIty. J"he range. was 9 to ,400/00 fcir spotted
seatrout.
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Atlantic croaker

General effect ofsalinity on survival oflarvae. Spot­
ted seatrout, which usually' live their entire lives in the
estuary, have the widest range ofsalinities over which larval
survival and development may occur with negligible short-

504010o

Red drum spawn in the near-shore Gulf near inlets
and bay mouths. Due to the proximity ofthe spawning areas
to the estuaries, the salinity ofthe water in which th~y spawn
may be less than full-strength seawater (less than 350/00);
furthermore, eggs and larvae may be swept back into the
estuary by tidal currents through the inlets and passes. The
range for negligible salinity-related mortality for larvae (I5
to 330/00) appears reasonable aridconsi;tent with the habitat
requirements foc older post-larvae and juvenile red drum.
These later life stages 'inhabit seagrass beds arid marshes such,
as those in the 'lower ends of the estuaries, which have
moderate to near-marine salinities. The narrower salinity
range"for early red drum larval survival (one to seven days),
limits the area in which they may reproduce to a much
greater extent thari spotted seatrout. '

.Atlantic croaker spawn in the Gulf; they are generally
thought to spawn ove'r a wide area; not restriCted to the areas
near the pasSes. Inan earlier portion ofthis section (concern­
ing fertilization and hatching), 'salinities of350/00 resulted in
a' greater' proportion of Atlantic 'croaker eggs surviving
through hatching than in 25 or 450/00 water. Since reproduc­
tion in this species is tied to Gulfwaters, it seems natural to
expect that there would be no salinity-related mortality at
marine salinities. Therefore, it wa:; surptising that tne
salinity range with negligible 'salinity-related mortality for
Atlantic croaker was 15 to 330/00; the upper limit is a few
parts per" thousand below typical oceanic' salinities. The

Red drum

20' 30

Salinity (~)

Figure 6,5.7, Survival from acute 18-hour salinity tolerance test for 1-, 3-,
5-,7-, and 9-day-old red arum lalvae that were spawned, hatched, and held
at 320/00; test salinities ,ranged from 0 to 500/00; the black horizontal bar
(LD50 range) defines the salinity range o>:er which 50% or more of the
larvae survived; gray areas at the end of the black bars indicate salinities for
which survival was less than 50% (data from Hohand Banks 1989),

term (18 h) salinity-related mortality (9 to 40%0). This wide
salinity range allows su~ival of larvae over a wide area in
most Texasestuaries regardless of where the larvae are
transported by bay currents.. Holt et al. (1990) noted that
spotted seatrout reproduction apparently occurs in the'1ower
portion ofthe upper Laguna Madre, far removed from access
to the Gulf.

504020 30
Salinity (%0)

10

I , '. ., " ,IJv ,"
': • J ), '~'j ~

I" '.,'" •

I
, "',"'\ _

'l>~. ,
., • j F

1 ' .
• ~ , J" '. ~~ .. '

o

Figure 6.5.6, Survival from acute 18-hour saliniry tolerance test for 1-,
3-, 5-, and 7-day-old Atlantic croaker larvae that were spawned, hatched,
and held at 320/00; test salinities ranged ftom 0 to 500/00; the, black
horizontal bar (L050 ra~ge) defines rhe salinity range over which 50% or
more of the larvae survived; gray areas at the end of the black bars indicate
salinities for which su~ival was less than 50% (data fr~m Holt and'Ban~
1989).

Atlanticcroaker. The experimental regime for croaker
was the same as for spotted seatrout except that the upper
limit fortesting was 50%0 and resultswere presented fOf only
for 1,3,5, and 7 days,by Holt and Banks (1989). The LDSO
range (3.6 to 70/00 at low salinities and 33.5 to 440/00 at high
salinities) was still broad, though narrower than the range for
spotted seatrout (Figure 6.5.6). The total salinity range for
survival was narrower, especially the 5-dayrange. Unlike
spotted seatrout, the LDso range'for3-day larvae was not
narrower than for other ages. Instead, the lower LDso
salinity limit for 3~day larvae was elevated and the upper
LDSO'salinity limit for 5-day larvae was depressed; at this
time, there is no explanation for the different pattern. Com­
bining data from different tests, Holt arid Banks defined the
salinity range with negligible salinity-related mortality for
Atlantic croaker to be 15 to 330/00.

Red drum. The same experimental regime was used
for red drum as for Atlantic croaker except tha~ results for 9­
day-old drum were also presented. Figure 6.5.7shows the
LDso salinity range and the total salinity range for the
survival of fish larvae in the experiments. The LDsorange
(from 4.2 to 6.50/00 arlow salinities and 33.5 to 450/00 athigh
salinities) and the total salinity range were broad, although
not as wide as for spotted seatrout; they were a little wider
than for Atlantic croaker. The LDso salinity range for 3~day
larvae narrowed but then broadened with age, just as with
spotted seatrout. Holt and Banks (1989) defined the salinity
range with negligible salinity-related monality forred drum
to be 15 to 330/00.
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measured upper LDSO of5-day larvae was 33SYoo, so from
the physiological experiments it appears that significant
mortality may occur at normal marine salinities of 350/00.
Lassuy (l983d) noted that croaker eggs wer~ pelagic and
hatched in less than a week. Lassuy also stated that larvae
may remain in the plankton for some time, although it is not
clear how long this period lasts. The fact that significant
mortality in Atlantic croaker larvae is associated with nor­
mal marine salinities implies that croaker larvae that return
to the estuaries must either encounter lower-than-normal
marine salinities in the Gulf, or they must not be exposed to
normal marine salinities for long periods. In the latter case,
they could be spawned near the passes or transported some
distance from offshore spawning grounds in a short period
oftime. Otherwise, vety few larvae would survive the higher
salinity levels of Gulf waters.

Conclusion

Spotted seatrout. Spotted seatrout represent fish
.whose entire life cycle is spent in the estuary. The tolerance
.of spotted seatrout to salinity is broad for all phases of
reproduction: ovarian growth, egg fertilization and hatch­
ing, and larval development. The most sensitive aspect of
reproduction was the first 30 days ofovarian growth where
near-marine salinities produced the greatest ovarian growth.
Thereafter, spotted seatrout reproduction seemed relatively
insensitive to salinity except at very low and hypersaline
levels.. Iffreshwater inflow were to substantially decrease or
increase, it does not appear that the effects on reproduction
and larval dc:velopment would be great as long as the species
had access t() higher salinity areas such as near Gulf passes.

Red drum. Red drum represent fish that go to the
nearshore Gulfenvironment to spawn, but whose eggs and
larvae quickly return to the estuary for later developmental
stages. No information is available about the effects of
salinity on red drum.ovarian growth, and the data on
survival through hatching did not include the initial 12­
hour post-fertilization period which may be particularly
sensitive to salinity change. Larval development without
salinity-related mortality occurs over the 15 to 330/00 salinity
range. As long as there is access to the Gulf through passes,
it seems unlikely that the early stages ofreproduction would
be much affected by changes in bay salinity structure,
although the effects on ovarian development have not been
,studied. Eggs or early larvae returning to the estuary might
be affected by major changes in salinity resulting from
alterations in freshwater inflow. If the salinity of the lower
portion of the bay had near-marine or hypersaline condi­
tions, larval survival might be affected since rhe salinity
tolerance for red drum larvae is narrower than for spotted
seatrout. Exrreme increases in infl~w could also pose a
problem if lower bay salinities remained at less than 150/00
during the late fall.

172

Atlantic croaker. Atlantic croaker represent a third
pattern of reproduction for estuarine fish, a species that
migrates offshore to spawn, and whose eggs must be carried
back into rhe esruary for further development. Ovarian
development in croaker seems relatively insensitive to salin­
ity differences, although the earliest srages ofovarian devel­
opment were not investigated. The tolerance range for
fertilization and hatching is fairly narro~,with best survival
through hatching at 350/00, the typical marine salinity.
Larval survival without salinity-related mortality occurred
over the same 15 to 330/00 range as red drum. Therefore,.they
would experience the same sort of problems as red drum if
changes in freshwater inflow altered bay salinity regimes.
The return ofcroaker larvae to the estuary from the offshore
area poses an uncertain aspect of the relationship berween
salinity and reproduction. Since the upper bound o~ salinity
tolerance is below the usual level ofmarine salinity, success­
ful croaker larvae must encounter lower-than~hormalma­
rine salinities, be spawned near the passes to the estuaries, ()r
be rapidly transported from offshore back to the passes by
Gulf currents.

6.6 EFFEcrS OF FRESHWATER INFLOW AND
SALINIlY ON THE ABUNDANCE AND DISTRI­
BUTION OF ADULT FINFISH AND SHELLFISH

Introduction

Texas estuaries are used by many finfish and shellfish
species for specific parts of their life cycles. Estuarine areas
are used as paths for migration, spawning areas, nursery
areas, and foraging areas. An estuary's success at fulfilling
these functions can be monitored by tracking species ,diver­
sity and abundance within the estuary. A decline or abrupt
change in either factor over time may be a signal that
environmental degradation is occurring.

In order to track species diversity and abundance
within estuaries, baseline data collection programs have been
established. The National Oceanic and Atmospheric Ad­
ministration (NOAA) began the Estuarine Living Marine
Resources (ELMR) project in 1985 to document the distri­
bution and relative abundance of 150 fishes and inverte­
brates in 120 ofthe nation's estuaries. In Texas, NOAA has
worked closely with the Coastal Fisheries Branch of the
Texas Parks and Wildlife Department (TPWD) to include
data from TPWD's comprehensive monitoring program.
Months were spent compiling, verifYing and revising data
collected by TPWD since the mid-seventies in an effort to
accurately characterize Texas estuaries. Later discussions in
this section about the distribution by salinity zone of adult
finfish and shellfish in Texas estuaries is based on these data,
unless otherwise noted.
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Three main selection criteria were used when consid­
ering species for inclusion in the ELMR database (Monaco
et al. 1989): commercial value (species such as Gulfmenha­
den and shrimp), recreational value (species such as spotted
seatrout and red drum), and stress indicator (species such as
oysters, which bi'oaccumulate contaminants).

Information about relative abundance ofadult (repro­
ductively mature) finfish and shellfish for three salinity
zone5-'-tidal fresh, mixing, and seaw~ter-in seven Texas
estuaries has been included in the ELMR database. The tidal
fresh zone salinities range from 0.0 to 0.50/00, the mixing
zone salinities range from 0.5 to 250/00, and the seawater zone
salinities are greater than 25%0. Estuaries from Mission­
Aransas southward to Laguna Madre do not normally have
a tidal fresh zone, and Sabine Lake does not normally have
a seawater zone. A species was considered rare if it was
present but not frequently encountered; common if it was
generally encountered but not in large numbers; abundant if
it was often encountered in substantial numbers relative to
other species; and highly abundant if it numerically domi~

nated other species (Monaco et al. 1989).

Adult Shellfish and Finfish Environmental Require­
ments

Eastern oyster. 'Reefs ofthe eastern oyster (Crassostrea .

virginica) are normally found in shallow bays on hard
surfaces, mud flats, or sand bars (Butler 1954; Copeland and
Hoese 1966; Menzel et al. 1966). In Galveston Bay, oysters
have· been associated with bottom types having sand con­
tents ranging from 17 to 100% sand (Harty 1976). Adult
oysters are sessile (fixed) organisms, so reeflocation is largely
determined by distribution and survival ofspat, unless seed
oysters are moved to oyster leases for depuration (purging of
contaminants) or to increase future harvests on the leases.

Oysters are reportedly able to withstand a broad range
of salinities, but thrive at intermediate salinities. In coastal
waters of the Gulf of Mexico, they can be~found where
salinities commonly range from 10 to 300/00 (Gunter and
Geyer 1955), and in the Laguna Madre they have been
observed to grow and spawn in salinities higher than 400/00
(Breuer 1962). Chanley 0957} reported that 15 to 22.50/00
was an optimum range, while Galstoff

l

(1964} stated that 5
to 300/00 was ideal. Galstoff also said that extended time
periods of salinities at less than 10%0 or greater than 340/00
were detrimental. Ray (in Mueller .and Matthews 1986)
theorizes that the most likely location for oyster reefs is in
mia-bay regions because optimal growth and survivalcondi­
tions terid to exist in the middle region. These areas of
optimal growth and survival conditions are largely deter­
mined by freshwater inflows and are subject to change in size
or location depending on inflow.levels.

Oyster' predators and parasites thrive in salinities
higher than 200/00. However, oyster mortality is increased if
combinations of high salinity and temperature occur,with
the extent ofdamage directly related to the amount of time
elevated salinity and temperature levels· persist (Ray in
Mueller and Matthews 1986).

In Louisiana, Chatty et al. (1983) reported that
previous-year salinities were' correlated with seed oyster
production. Based on 11 years ofdata, they found that seed
oyster production was highest when May salinities were 6 to
80/00, June-July salinities averaged 130/00, August salinities
were less than 150/00, and September salinities did not
average-~ore than 20%0.

'Adult eastern 'oysters are rarely encountered in the
tidal fresh zones or in the seawater zones ofTexas estuaries.
Sexually mature oysters are common in the mixing zones of
Sabine Lake, Matagorda Bay, Aransas Bay, and Corpus
Christi Bay, and abundant in the mixing zones ofGalveston
Bay and San Antonio Bay.

Brown shrimp. Adult brown shrimp (Penaeus aztecus)
are usually found in offshore waters 14.to 110m (46 to 361
ft) deep and have an annual life cycle (Renfro and Brusher
1982). In the Gulf' of Mexico, adults occupy nearshore
waters where spawning and' early life stages take place
(Monaco et al. 1989; Perez-Farfante 1969; Williams 1984),
and seem to prefersilt and muddysand substrates (Hildebrand
1954; Williams 1984). Juvenile and adult brown shrimp
feed at night on polychaetes, amphipods, chironomid lar­
vae, detritus, and algae. Adults are selective omnivorous
predators (Gulf of Mexico Fishety Management Council
1981; Zein-Eldin and Renaud 1986). .

Adult brown shrimp can endure a wide range of
salinities and temperatures, but actually prefer a more de­
fined range. Large brown shrimp (greater than 7.6 cm or 3
incheS) can withstand temperatures between 4 and 36°C
(39 and 97 OF), but their preferred range is between 14.9 and
31.0°C (59 and 88 OF) (Ward et al. 1980). Adults tolerate
salinities from 0.8 to 450/00, with a preferred range of24 to
38.90/00. The combined effects of low or high salinity and
temperature appear to be'more deleterious than extremes of
either single factor (Zein-Eldin and Renaud 1986).

Adult brown shrimp are typically not found in the
tidal fresh'zone of Texas estuaries except on rare occasions
during May through September in Sabine Lake and during
April through May in Galveston Bay. In the mixing zone of
Matagorda Bay, they are common or abundant during the
spring and fall, while in the mixing zone ofSan Antonio Bay,
they are common only during May, June and July, and are
rare duringJanuaty throughApril. Adult brown shrimp are
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not normally present,in the sea'Yaterzones ofGalveston Bay,
i\rans~ Bay, Corpus Christi Bay, or Baffin Bay. They are
common in th~ seawater zone of Matagorda Bay during
March through June and during September .and ,October,
com~on.to abundant in San Antonio Bay during May
through August, and common in Laguna Madre during
March through May.

White shrimp. Adult white shrimp (Penaeus setiferus)
are usually.found in nearshore Gulf of Mexico waters less
than 27 m (89 ft) deep and are often most numerous at a
depth ofabout 14 m (46 ft) (Renfro and Brusher 1982). In
offshore waters, adults have been associated with soft mud or
silt substrates (Perez-Farfante 1969; Williams 1984). White
shrimp are omnivorous, feeding on detritus, parts of anne­
lids and gastropods, fish parts and bryozoans, sponges,
corals, filamentous algae, and vascular plant stems and roots
(Christmas an,d Eztold 1977).

o Like brown shrimp, white shrimp can tolerate a wide
range of salinities. Adults are usually found offshore in
waters with salinities greater than 27%0 (Muncy 1984).
Unlike brown shrimp, white shrimp are mo~e tolerant of
high temperatures and less tolerant of low temperatures
(<:;hristmas and Eztold 1977). Pullen and Trent .(1969)
found that emigration ofjuvenile and subadult white shrimp
was related to sharp drops in water temperature that oc­
curred from Oet,?per to December.

White shrimp adults are not normallyfound in the
tidal fresh zones of Texas estuaries, with ~he exception of
Sabine Lake where they are present all year. In Sabine Lake,
they are common during December through March and
again duriq.gJuly through August, rare during April through
June, and abundant during September through November.

In the mixing zones of upper coast Texas estuaries,
adult white shrimp are common during January and Febru­
ary and again from July through December,but rare from
April through June. In the mixing zone ofSabine Lake, they
are highly abundant from September through November.
In the mixing zone ofMatagorda Bay, they are common in
April, May, June, and July, but rare the rest of the year. In
the, mixing zone of San Antonio Bay, they are common in
May through June and during November and December,
and abundant to highly abundant from July through Octo­
ber. In the mixing zones ofAransas and Corpus Christi bays,
they are common during April and May and October and
November, and not present during the rest of the 'year.

In the seawater zone of Galveston Bay, adult w\1ite
shrimp are common from October through March,but are
not present the rest of the year. The opposite pattern is
exhibited in the Matagorda Bay seawater zone: they are rare
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from August through March, but abundant to highly abun­
dant during April through July. A similar pattern also exists
for San Antonio Bay, just shifted later in the year. White
~hrimp.are not present until May, common during May and
June and November and December, and ab,undant from
July through September. Farther down the coast ,at Aransas
Bay, the seasonal distribution shifts back to a pattern similar
to Galveston Bay: common in the fall but not present the rest
of the year. In Corpus ,Christi Bay, adult white shrimp are
cqmmon from April through June and abundant during
September through November, but are not present the rest
qfthe year.. In Laguna Madre,white shrimp follow the same
pattern as.brown shrimp: adults are common during March
through May, but are rare from December through February
and are not present during the rest of the year. .Adult white
shrimp are rarely found in Baffin Bay.,.

Blue CJ'abs. Adult blue crabs (Callinectes sapidus) are
associated with muddy and sandy estuarine bottom habitats.
Juveniles and adults have been descriped as scavengers,
carnivores, detritivores, anq omnivores, subsisting mainly
on mollusks, crustaceans, and fish (Tagatz 1968; Jaworski
1972).

Adult males are found in low saliniry waters, where
salinities are less than 10%0, while females move to these
lower salinity areas to mate and return tohigher salinity areas
afterward. Adult and juvenile blue crabs can survive tem­
peratures from 3 to 37 °c (37 to 99 OF), but only at the
extremes oft~is range ifthey are acclimated and s,alinities are
favorable (Tagatz 1969). Blue crabs are less tolerant oflow
salinities if temperatures are high al1d less t.olerant of high
salinities if temperatures are low (McKenzi~ 1970). Adults
do ,not feed as temperatures approac!'t 10 °C (50 OF), and
burrow in mud or seek deeper w~ters when temperatures
reach 5 °C (41 OF). Adult males are more tolerant than
females of extreme high or low temperatures. Adult blue
crabs are found in all salinity zones of all Texas estuaries.

Gulfmenhaden. Gulfmenhaden (Brevoortiapatronus)
seem to prefer areas near soft, muddy substrates beca~e of
the associated benthic populations and organic con~ent

(Christmas et al. 1982). Juvenile and adult Gulf menhaden
are omnivorous filter feeders, sustained by phytoplankton,
zooplankton, and ,detritus (Goyoni et al. 1983; GUillOlY et
al. 1983; Deegan1986).

Gulfmenhaden prefer water temperatures between 12
and 30 °C (54 and 86 OF), but they can tolerate temperatures
between 2.5 and 35.5 ~C (4.5 and 95 OF)" even at lower
salinity levels. Temperatures higher than 30 °C (102.OF). are
reportedly avoided, and fish kills occurring at 39 °C (1 0200 f)
have been documented (Holcomb 1970; Copelancf and
Bechtel 1971; Gallaway and Strawn 1974; Christmas and



Waller 1975). Gulfmenhaden have been collected in fresh
to hypersaline waters. Gravid,adults are normally associated
with the higher salinities ofthe open GulfofMexico ranging
from 300/00 and higher. Non-gravid and developing adults
are associated with mid-range salinities in the deeper part of
estuaries. Fish kills have been reported at salinities of800/00 .
or greater (Springer and Woodburn 1960; Holcomb 1970;'
Tagatz and Wilkens 1973; Gallaway and Strawn 1974;
Shaw et al. 1985)~

Adults leave the estuaries for the Gulf to overwinter
and spawn from October throughJariuary; they return again
starting in February (Holcomb 1970; RoithmayrandWaller
1963; Tagatz and Wilkens 1973). A correlation between
lipid content and time of migration has been documented:
fish with high lipid content migrate earlier, in response to
temperature changes, than ao fish with low lipid content
(Deegan 1986).

Gulfmenhaden are not found in any salinity zones in
Galveston Bay or Aransas Bay or in the tidal fresh zone of
Matagorda Bay. They are common only during September'
through November in Sabine Lake and Corpus Christi Bay,
and during July through October in Laguna Madre. They
are common in the mixing and seawater zones of San
Antonio Bay from March through October. In Matagorda
Bay, they are abundant' in the mixing zone during April
through October and highly abundant in the seawater zone
during March through October.

Pinfish. Pinfish (Lagodon rhomboides) are found in a
wide range ofhabitats, but are most abundant over vegetated
shallow areas. Adult pinfish are thought to be omnivorous,
feeding partially'on seagrasses (Stoner 1980), and are an
important forage fish for other species such as red drum and
spotted seatrout.

Pinfish have been reported from waters having salini­
ties ranging from 2.1 to 37.20/00 along the Texas coast
(Gunter 1945). Cameron (1 969a) found pinfish at salinities
higher than 700/00 in Baffin Bay and reported that at low
salinities following heavy rains, pinfish abundance in seagrass '.
beds declined. Other studies (Gunter 1945; Kilby 1955;
Weinstein 1979) have shown that salinity is not as strong a
factor as vegetation in determining pinfish distribution.
Pinfish can toler'ate water temperatures between 10 and 35'
°c (50 and 95 OF).

Most of the pinfish life cycle is carried out offshore.
Adults spawn offshore and larvae ar'e then transported to
areas near passes. Juvenile pinfish enter the estuaries where
they remain until the' fall spawning period, at which time
subadults and adults migrate back to offshore spawning
areas.

Pinfish are n6t normally found in Sabine Lake or
Galveston Bay, and are rare in the mixing zone of San
Antonio Bay. However, they are common in the seawater
zone of San Antonio Bay all year and in Matagorda Bay
during all months except December and January. They are,
highly abundant in both the mixing and seawater zones of
Aransas Bay, Corpus Christi Bay, and Laguna Madre.

Spotted seatrout. Adult spotted seatrout (Cynoscion
nebulosus) are most abundant near seagrass beds but can also
be found over shallow muddy areas, man-made structures,
and shell reefs (Benson 1982). Spotted seatrout are oppor-,
tunistic carnivores., Young adults feed on a combination of
invertebrates and fish, while large adults feed almost exclu­
sivelyon fish (Darnell 1958; Seagle 1969). In warmer
months, young adults tend to consume more shrimp than in
colder months, due to shrimp availability (Pearson J 929;
Gunter 1945).

Spotted seatrout can tolerate salinities between 0.2
and 770/00 (Simmons 1957) but seem to prefer salinities
berween 20 and 350/00 (Loman 1978). Wakeman and
Wohlschlag (1977) found that maximum sustained swim­
ming speeds for individuals berween 174 and 438 mm (6.8
and 17.2 inches) occurred between 20 and 250/00, and that
speeds were reduced above 250/00 or below 200/00. Adult
spotted seatrout prefer temperatures between 15 and 27°C
(59 and 81 OF). Temperatures for spawning range between
20 and 30 °C (68 and 86 OF) (Benson 1982).

Spotted seatrout also leave the estuaries for offshore
waters to spawn. Larvae are carried back to areas near passes
and reenter the bays when they become juveniles. They
remain in the bay until sexually mature and then migrate to
spawning areas as subadults.

Adult spotted seatrout -are rarely found in the tidal
fresh zone ofTexas estuaries or in the mixing zone ofSabine
Lake, but are common' in the mixing zone of the other
estuaries and in the .seawater zone of all bays.

Red drum. Within bays, adult red drum (Sciaenops
ocellat~) are found over muddy to sandy bottoms or oyster
reefs devoid. of seagrass (Yokel 1966; Perretet al" 1980).
After their first spawning, adults are usually found in shallow
GulfofMexico waters offthe coast (Pearson 1929; Simmons
and Hoese 1959;Perretetal. 1980; Ward et al. 1980; Pafford
1981; Benson 1982; Overstreet 1983; Ross et al. 1983), or
in waters 40 to 70 m (131 to 230 ft) deep (Overstreet 1983)
as far as ,19 km (11.8 mi) offshore (Simmons and B[euer
1962). Adult red drum are predators, feeding for the most
part on fish, shrimp, and crabs (Simmons and Breuer 1962;
Boothby and Avault 1971). During the winter and spring,
fish--especially menhaden arid anchovies-are the most
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common food choice among adults. In the late spring,
summer, and fall, ,this .choice shifts to crabs and shrimp.

Juvenile and adult. red drum can tolerate salinities in
the .range of 0 to 450/00, but are rarely found at 500/00 or
above.. (Gunter 1945; Simmons 1957; Simmons and Breuer
1962; Yokel 1966; Franks 1970; Perret et al. 1971; Juneau
1975; Tarver and Savoie 1976; Bonin 1977; Barret et al.
1978; Perret et al. 1980; Ward et al. 1980; Crocker et al.

.1981; Holt et al. 1981; Daniels and Robinson 1986; Peters
and McMichael 1987). Salinities in the range of20 to 4Qo/oo
are preferred by large juveniles and adults; with maximum
growth for juveniles occurring at 350/00 (Bonin.1977; Perret
et..al. 1980; Ward er al. 1980; Crocker etal. 1981; Holt et
al.,1981a; Benson 1982). Red drum are able to withstand
sudden salinity changes since they are efficient
osmoregulators. Adults appear to be less tolerant of low
salinity estuarine waters than juveniles, but are more toler­
ant ofhigh salinities found offshore (Yokell966; Crocker et
al. 1983).

, Adult red drum have been collected over a tempera-
ture range of2 to 33°C (36 to 91 OF) (Simmons and Breuer
J 962; Yokel 1966; Juneau 1975; Perret et al. 1980; Ward et
al. 1980; Daniels and Robinson 1986). Adults are consid­
ered more prone to the effects of sudden cold spells than
smaller fish (Yokel 1966), and are known to seek refuge in
warmer, deeper waters (Simmons and Breuer' 1962).

Red drum have life cycles very similar to spotted
seatrout. They also leave the estuaries for offshore waters to
spawn. Larvae are carried back to areas near passes, and
juveniles reenter the bays where they remain until sexually
mature. At this stage, the sexually mature subadults and
adults migrate to spawning areas in the gulf. .

Adult red drum, like spotted seatrout, are also rarely
found in the tidal fresh zone ofany Texas estuaries. Unlike
spotted seatrout, adult red drum are also rare in both the
mixing zone and the seawater zone of any of the estuaries
except for Galveston and Matagorda bays. Then they are
common during September through November in the mix­
ing and seawater zones of Galveston Bay and also during
August through November in the seawater zone ofMatagorda
Bay.

StripedmulJet. $triped mullet (Mugil cephalus) are.
found in shallqw, nearshore waters such as open beaches,
flats, lagoons, bays, salt. marshes, and grass beds, especially
turtlegrass (Thawsia testudinum) and widgeongrass (Ruppia
maritima) (Gunter 1945; Kilby 1949; Breuer,1957; Renfro
1960; Hellier 1962; Zimmerman 1969; Franks 1970; Perret
et al. ~971; Swingle 1971; Christmas and Waller 1973;
Mqor~ 1974; Bishop and Miglarese 1978; Henley and

176

Rauschuber 1981; Cech and Wohlschlag 1982). Striped
mullet are associated with softer, organic-rich substrates.
such as mud and sand which contain detritus, but are also
found over finely ground ,shell, clay, l11ud and sand mix­
tures, silt, and silt-clay mi~tures (Kilby 1949; Breuer 1957;
Tabb and. Manning 1961; Franks 1970; ~wi,ngle 1971;
Ward et al. 1980; Cornelius 1984).

Juvenile and adult striped mullet can acclimate to a
wide range of salinities and temperatures. They have been
collected in waters with temperatures ranging from 5.9 to
37.0 °C (43 to 99 oF), but their ability ro withstand shon
periods in 40°C (194 OF) waters is limited (Gunter 1945;
Kilby 1949; Hellier 1962; Franks 1970; Perret et al. 1971;
Swingle 1971; Dunham197~; Moore 1974; Tarver and
Sayoi~ 1976; Ward et al. 1980). Adult striped mullet prefer
temperatures. of 16. to 30°C (61 tq 86 OF) <Ward and
Armstrong 1980). Striped mullet are able to tolerate
salinities from 0.0 to 750/00, but prefer salinities ofapproxi­
mately 260/00 for adults and 20w 280/00 for juveniles
(Gunter 1945; Kilby 1949; Simmons, 1957; Hoese 1960;
Renfro 1960; Hellier 1962; Perret et al. 197.1; Du~ham
1972; Christmas and Waller 1973;' Swingle and Bland
1974; T;lrver an~ Savoie 1976; Finucane et al. 1978; Ward
et al. 1980; Cornelius 1984).

Striped mullet have life cycles similar to red drum,:
leaving estuarine are'as during the fall and winter to spawn­
ing areas in the Gulf. Juveniles migrate back to estuarine
areas to mature.

Unlike red drum, adult striped mullet are commonly
found in all salinity zones ofall bay systems year-round. In
both the mixing and seawater zones of.Matagorda .Bay,
striped m.ullet are abundant year-round..

Freshwater Inflow Effects

Oysters. Qystersare affected by freshwater inflows in'
various ways. Changes in saliniry patterns due to ·severe
droughts, chronic inflow reductions, and channelization
within bays causes relocatiqn .of oyster reefsro upper' bay
areas (~y in Mueller and Matthews ,1987). In thes,e
regions, oyster reefs become much more susceptible to
freshwat.er kills, runoff pollution, and siltation due to ~heir

proximity to. the input source. ,Mid~ and lower~bay reefs are
somewhat less susceptible to these threats since,the addi­
tional volume ofbay water bet.ween the reefs and the input
source acts to dilute the detrimental ~ffe.cts associated with
high freshwater inflows,

.. -,,".

Childress et al. (I 975) reponed that during the 1962
to 1964 drought,.the gaged freshwater inflow to San Amo­
nio Bay dropped to as low as 0.6 ~illion acre-ft/yr, and the



oyster harvest was approximately 250,000 pounds/year. In
contrast, during 1971 to 1973, the'mean annual gaged
inflow to the bay was more than 2.8 million acre-ft/yr and
the annual oyster production averaged 309,000 p'ounds,
even though in May 1972, a killing flood of 1.13 million
acre-ft destroyed most ofthe oysters north ofthe Intracoastal
Waterway.

One method proposed for minimizing freshwater
oyster kills called for impoundment offreshwater inflows in
upstream reservoirs during the late spring or fall when most
floods occur, with gradual releases over the summer months.
However, maintaining lowered salinity levels is the only
effective method for controlling the spread of the southern
oyster drill (Thais haemastoma) (Butler 1954; Galtsoff1964;
Breithaupt and Dugas 1979) and Perkinsus marinus, a
protozoan pathogen. Fresh water would have to be released
to limitthe maximum salinity to the·lO to 150/00 range in the
summer and early fall months to control the southern ciyster
drill and Perkinsus populations. .

However, due to competition for fresh water that may
bein limited supply during dry summer months or periods
of drought, this may be easier said thari done (Ray in
Mueller and Matthews 1987). In addition, low salinity
alone will only control ,the spread, but probably not eradi­
cate, oyster pests.. Hofstetter (1977) theorized that floods
severe enough to kill oyster populations in Galveston Bay
may be necessary to provide a natural Perkinsus control since
the parasite's host is periodically reduced in number.
Childress et al. (1975) reported that following floods that
occurred during 1960,to 1961 and 1965, San Antonio Bay
commercial oyster harvests increased for several years.

Perhaps some sort or dynamic freshwater inflow
equilibrium must be reached to optimize oyster production.
Boynton (1976) proposed that fluctuating salinities rather
than some optimum, but constant, salinity would provide
the best conditions for oysters. Menzel et al. (1966) pointed
out that oyster predators and parasites thrive at both high
and'low salinities (for example, oyster drills at high salinities
and blue crabs at lowsalinities). Browder and Moore (1981)
feel that oscillating salinity levels should inhibit oyster
predation and parasitism at either extreme. The gaged
freshwater inflow to San Antonio Bay averaged 2.1 million
acre-ft/yr, ranging from 1.3 to 3.1'million acre-ft/yr, for the
four best years of oysi:er production-1967, 1970, 1971,
and 1972 (Childress et al. 1975).

Brown shrimp. In Louisiana, Barret and Gillespie
(1973) found that from 1967 to 1972, brown shrimp yields
were inversely proportional to spring freshwater inflows and
rainfall. Later, Barrett and Ralph (1976) found that brown
shrimp yields were directly related to the number ofacres of

.estuarine surface waters with more than 100/00 salinity during
the spring.

Two ofthe best brown shrimp production years in San
Antonio Bay, 1967 and 1973, coincided with two years of
high freshwater inflow (Childress et al. 1975). The brown
shrimp harvest for 1967 was 205,000 kg (453,000 lb) and
the gaged freshwater infl~w was 3.15 million acre'-ft. The·
brown shrimp harvest fo~ 1973 was 299,000 kg (659,000 lb)
and the gaged freshwater inflow was 4.85 million acre-ft.
Childresseral. (1975) theorized that although brown shrimp
catches decrease with s~inity, total species production ap­
peared to increaSe·with freshwater inflow. Perhaps elevated
freshwater inflows cause die shrimp to move into areas where
:they are more likely to be caught by shrimpers. They also
noted that annual landings data from 1965 to 1973 showed
that brown shrimp yields were at least 90,703 kg (200,000
lb) when aimual freshwater inflows exceeded 2 million acte­
ft.

White shrimp. White shrimp abundance has been
dire'ctly correlated with freshwater inflow and rainfall in
Texas (Hildebrand and Gunter 1953; Gunter and Hildebrand
1954). ChildreSs et al. (975) reported that white shrimp
abundance in San Antonio Bay was positively related to river
flow. Years oflow white shrimp production coincided with
years of low gaged inflow;' years in which white shrimp
producti'on exceeded 355,556 kg (800,000 Ib) coincided
with years of gaged inflows in excess of 1.6 million acre-ft.
They also noted that during the three best years ofhigh white
shrimp production during their s'tudy, the May-June inflow
accounted for inore than 33%ofthe annual gaged freshwater
inflow.

Blue crab. In Apalachic~la Bay, Louisiana, Meeter et
al. (1979) reported that annual blue crab harvests from 1957
to 1977 were positively correlated with annual river flow; In
San Antonio Bay, Childress et al. (1975) found that young
blue crabs were most prevalent in trawl samples from De­
c~mber through March, hut that adults were scarce due to
their ability to evade the trawls. They also ;-lOted that during
the three years of:highest commercial blue crab catch (1969,
1972, and 1973), the average gaged freshwater inflow to San
Ant~nio Bay was just more than 3 million acre-ft/yr.

Gulfmenhaden. ChiidiesS et al: (1975) reported that
gulf menhaden were more plentiful in wetter years, but
during the last rwo years of the study, fluctuations in catch
appeared to.be negatively related to inflow. Gulfmenhaden
catch was usually inversely proportional to the monthly
inflows; indicating that gulfmenhaden were able to leave the
bay when salinity levels dropped; and return when salinity
levels increased inor'der to feed on plankton.
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Wetzel and Armstrong (1987) showed that adult gulf
menhaden, relative to other species they studied, had a
strong negative response to increased freshwater inflow in
·T res Palacios Bay. The curve relating population to fresh­
water inflow in the riverward section ofTres Pal;1cios Bay
peaked at 35 cfs.

. Pinfish. Cameronc(I969b) found that pinfish abun­
dance dropped offin the shallow flats ofRedfish Bay, Texas
after heavy rainfalls thadowered salinities to 4%0. Wang
and Raney (I 971) asserted that juvenile pinfish were more
common in low salinity areas in Charlotte Harbor, Florida,
than adult pinfish. However, in Apalachee Bay, Florida,
·Stoner and Livingston (1984) noted that pinfish were most
abundant near sources offreshwater inflows. This does not
appear to be the case in the Guadalupe Estuaty.

Spotted seatrout. In Matagorda Bay, adult spotted
seatrout did not exhibit a strong response to freshwater
inflow (Wetzel and Armstrong 1987). Pearson (I929)
suggested that spotted seatrout were attracted to less turbid
areas. T abb and Manning (I 961) hypothesized that high
turbidities associated with Hurricane Donna caused spot­
ted seatrout to suffocate because their gills were clogged
with suspended solids.

Red drum. Little is known about the effects of
freshwater inflow on adult redfish abundance. Childress et
al. (1975) felt that commercial finfish landings were insuf-

·ficient for recommending freshwater inflows. A positive
relationship was noted berween 1970 red drum commercial
landings and September 1967 floods, but a relationship on

. which to base yearly recommendations could not be sup­
ported. In Matagorda Bay, red drum adults showed a slight
preference for low flow in riverward sections of the bay and
high flow in bayward sections ofthe bay, but again, data was
spotty (Wetzel and Armstrong 1987).

Striped mullet. In· Georgia, young striped mullet
were the only species that responded actively to high fresh­
water inflows. During periods ofhigh inflow, mullet nearly
disappeared from upper- and middle-bay stations, but then
reappeared at upriver locations by summer (Rogers et al.
1984). However, in Tres Palacios Bay, Texas, adult striped
mullet showed a strong preference for freshwater inflow
(Wetzel and Armstrong, 1987).

·Conclusions

The adult finfish and shellfish species discussed in
this section do not appear to be as sensitive to salinity levels
or freshwater inflows as their juvenile counterparts. This is
particularly true of those organisms that spend their adult
phases in the Gulf of Mexico. Two exceptions are oysters
and blue crabs.
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Even though oysters can be found in salinities ranging
ftom 10 to 30%0, the optimum range is probably berween 15
and 22.5%0. In Texas estuaries, adult oysters are most often
found in 0.5 to 250/00 waters. Mature oysters are particularly
sensitive to freshwater inflows since they are sessile organ­
isms and cannot migrate in response to en~ironmental

conditions such as extreme high or low salinity. In addition,
oysters depend on freshwater inflows to offset predation and
parasitism.

Adult male blue crabs prefer salinities of·less than
100/00, while adult female blue crabs prefer higher salinities
but will migrate to lower salinity waters to mate. Adult blue
crabs are found in all salinity zones ofTexas estuaries; In
Louisiana and Texas, blue crab harvests have been positively
linked to freshwater inflows.

Adult brown and white shrimp, notmally found in
offshore Gulfwaters but present in estuarine waters prior to
migration, are not especially dependent on freshwatet in­
flows for their salinity requirements. Both species can
withstand a wide range ofsalinities but prefer higher salini­
ties, i.e., higher than 240/00 for brown shrimp and higher
than 270/00 for white shrimp. In Texas estuaries, adult brown
and white shrimp are most often found in either the mixing
zone (0.5 to 250/00) or in the seawater zone (greater than
250/00). Both brown and white shrimp harvests appear to
benefit froin freshwater inflows, especially in the spring.
Like oysters, however, too much freshwater inflow can be
detrimental. '

Adult pinfish; spotted seatrout,' and red drum are also
normally found in offshore Gulf waters, but are present in
estuarine areas prior to migration. Salinity does not appear
to be as important an environmental factor for influencing
the distribution ofthese species as vegetation. Adult pinfish
and spotted seatrout are found in the mixing and seawater
zones of all estuaries, but adult red drum appear to ,be
restricted to the mixing and seawater zones ofGalveston and
Matagorda Bays. In Florida, pinfish have been associated
\Yith freshwater inflow sources, but this has not been docu­
mented for Texas.

Adult mullet can acclimate to a wide range of salini­
ties, but prefer approximately 260/00waters. They are found
throughout all bay systems in Texas year-round, where they
appear to respond positively to freshwater inflows.



Table 6.7.1: Mean salinities from the Texas Parks 'and Wildlife
Department Coastal FisheriesMonitoring'Program taken with gill
net (I977~ 1989) and trawl' net (1983-1988) samples. Means
within the same column having the same letter were not statistically
different based on an a posteriori test (Hochberg'sGT2 method in
SAS); the minimum significant difference in trawls and gill nets
was 1.04 andO.876, respectively. '"

6.7 DIFFERENCES IN'THE RELATIVE ABUN­
DANCE OF SELECTED FINFISH 'AND SHELLFISH
AMONG TEXAS ESTUARIES.

Introduction

In earlier sections of this report, it' has been demon­
strated that Texas estuaries differ greatly with respect to the
total quantity of fresh wat~r received from tributaries emp­
tying into their basins. Sabine Lake is the least saline and the
upper Laguna Madre is the most saline (Figure 4.1.16 and
Figure 4.1.17; Table 6.7.1). These differences in salinity,
freshwater inflows, basin volumes (Figure 4.1.5), ~vapora­
tion rates, and unique topography result in different habitat
types or different proportions of similar habitats among
Texas estuaries. ' Much of the variation in finfish i and
shellfish densities among estuaries may be attributed to
differences in salinity regimes and habitat characteristics.

Estuary

Trinity-San Jacinto
Lavaca-Colorado
Guadalupe
Mission-Aransas
Nueces
Upper Laguna Madre
Lower Laguna Madre

Gill net

17.5 D
20.2C
20.8 C
19.9 C
30.4 B'
38.5A
31.9 B

Gear'Type,

Trawl

14.8 G
24.2 D
17.4 F
21.3 E
31.3 C
38,8A
33.5 B

, The' present study completed a series of statistical'
analyses to determine the relative densities (catch rates) of
several economically or ecologically importaiu animal spe­
cies among the estmiries'imd assess th~ corresponderice'
be'riveen densities and salinity regimes in each estuaty. The
species selected for these analyses included blue crab,
(Callinectes J'apidus) , brown shrimp (Penaeus aziecus), whit~

shrimp (Penaeus setiftrus), southern floundet (Paralichthys
lethostigma) , Atlantic croaker (Micropogonias undulatu.s) ,

black drum (Pogonias cromis), Gulf merihaden (Brevoortia
patronus) , pinfish (Lagodon rhomboides) , red drum (Sciaenops

ocellatus) , spotted seatrout (Cynoscion nebulosus),and striped
mullet (Mugil cephalus). In addition, eastern oyster
(Crassostrea virginica) needs for lower salinities are surhrha~

rized. No statistical analyses were completed for this species,
however, because the availability of oyster dredge data was
limited to a two-year period and the salinity preferences and
tolerances ofeastern oysters are well documented (Quast et
al. 1988a).

Sampling Methods

Texas Parks and Wildlife Department Coastal Fish­
ery Monitoring Program monitoring data (TPWD-CF)was
used to determine differences in catch rates (i.e., relative
densities) for selected species among the estuarine systems.
This data was used because the sampling procedures are
standardized' and well documented (Meador et al. 1988;
TPWD 1990a).It also provides more reliable density
estimates than landings or harvest data which are influenced
by market activitY and unreliable self reporting (Green and
Thompson 1981). Trawl (1983 to 1988) and gill net (1977
to 1989) data used in, this study came' from seven major
Texas' estuaries extending from the T riniiy-San Jacinto'
EStuary southward to the lower Laguna Madre.

Trawls

Trawl sampling was stratified. Each estuary was
divided into two zones, one close to the river mouth, the
other adjacent to the Gulf, ex!=ept for the Laguna Madre
which was divided into an upper (North) and lower (South)
zone. The Laguna Madre was divided into these two
regions because the upper zone has a different salinity
regime from the lower zone (since it does not have a direct
conn~ction with the Gulf of Mexico), and the upper zone
does not have significant riverine freshwater inflow. Sam­
pling sites in each zone were randomly chosen from bay
grids which were demarcated into areas approximately 1
minute oflatitude by 1 minute oflongitude (apptoximately
1mi. sq.). During each month, 10 samples from each zone
were collected in each bay. Trawls at each station were
pulled in a circular pattern near the center ofthe grid for 10
or IS.minutes. Trawls wer.e 6.1 m wide (20 ft) at the mouth
and haq 3.8 cm(1.S inch) mesh'throughout.

Gill Nets

", Prior to the fall of 1981, gill net samples were·
collected each mo~th at randOlnly selected locations from
a set ofabout 100fixed sites in each bay system. During the
fall of -1981, the gill net pr,ogram was changed to incorpo­
rate random selection from the same one-mile grids lCied for
qawls. Random seh,ctions were made with the condition
that the shoreline had to oc~ur in the selected grid. The
pf9gram was also changed so sampling occurred only
during fall (mid-September through mid-November) and
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Analyses

Differences in catch rates (densities) for selected spe­
cies among the seven estuarine systems were determined
using an analysis ofvariance (ANOVA) based on the follow­
ing model:

spring (mid:April through mid-June) each year. Sample
sizes wer~ increased from 6 ~amples per month to 45 per
season per~tu~fy. All gill net samples were accomplished
with a net l;tavingfour 48-m (150-ft) sections of76-, 102-,
127-, and 152-mm (3:, 4-, 5-, and 6- inch) mesh, tied
together in this sequence. The llets were always set with the
76-mm mesh nearest shore and the 152-mm mesh farthest
offshore. The net was always set perpendicular to the shore
at least a half-hour before sunset and picked up as close to

sunrise as poSsible on the following day (generally within
four hours).

where

Y.·k = a + b· x· + b· x· + bk xk + e"k1) 1 1 )) I)

Y" k = mean catchI)

a = y intercept for xi = 0, Xj = 0,' and xk = 0

b = regression coefficient

Xi = estuary (1 to 7)

caught by the gear. Overall goodness-of-fit was evaluated by
the pqrtion of the variability attributed to the model (RZ),
while estuary main effects were tested by the Hochberg's
GT2 method in SAS (P < 0.05).

All data was converted to a catch per/effort unit
(catch/0.25 h for trawls, and catch/l 0 h forgill nets). All'
data was screened for outliers before subjecting them. to
analysis..Analyses with log-transformed and untransfonn~d

data were perfor~ed. If log-transformed data resulted in a
significant increase in RZ or a decrease in the coefficient of
variation, transformed data were' used. .Otherwise, Hie
original data was used. Since sample sizes were not equal, the
partial sum of squares (Type III SS in SAS) was used to
interpret results: All factors were assumed to be treatments,
and all tests for signifi~nce were performed ~ith the error

.mean square.

Sample size for all gill net'analyses was 6,375. Sample
sizes for the tra~l analyses varied from 3,604 to 8,648 (Table
6.7.2). All trawl analyses were completed with log-trans­
fo~med data and all gill net analyses except spotted seatrout
were accomplished with log-transformed data. Mean salini­
ties computed for each estuary in Table 6.7.1 used data
collected at the same time a'biological sample' was t~en.
These means were calculated using' gill net spring. and fall
data and trawl dat~ from all months. Mean saliititit;s
(untransformed) were compared using the same GLM model
used for catch rates. . ~

X·
)

= year, 1983 to 1988 (trawls), or 1977 to
1989 (gill nets)

= month (1 to 12 for trawls), or season
(spring or fall for gill nets)

Relationships between mean catch rates by species and
gear and mean salinitiesamorig all estuaries ~ere evaluated
with simple linear regression based on the following ~odel:

y. =a + bi s· + bZ s·Z + b3 s·3 + e·
1 1 I') 1

= error
where Y = mean catch rate for estuary 1 to 7 .

Procedure GLM from the SAS statistical analysis
system (SAS Inst. 1988) was used to perform ANOVA on
trawl and gill net catch data. All gill net analyses were
accomplished using both spring and fall data without excep- '
tion. Trawl analyses, however, were accomplished in a
stepwise, interactive manner. Data was manipulated on a
species-by-species basis to achieve the best fit of the model,
and the best groupings ofthe mean catches among estuari~s.

If the model revealed statistically significant month effects,
post hoc comparisons among mean catches were made on
the effects ofmonths. Only months in which mean catches
were significantly higher than the lowest group of non­
significantly different means were retained for the final
analysis. This was done to keep from diluting the compari­
sons with"time periods in which the species were not com­
monly found in the estuary, or were ofa size not effectively

a = y intercept

b = regression coefficient

s = mean salinity for, estuary 1 to 7

e = error

Procedure REG from the SAS statistical analysis sys­
tem was employed to perform the regressions. Since there
was a very limited amount of data (i.e.? seven estuaries) t9
judge each relationship, t.he probability was fairly high that
a significant relationship could go unreported (the power of
the tes~ was weak due to the small sample'size). Therefo~e,
any relationship that showed signifi~~ce at P < 0.15 was
called near-s,ignificant and was 4iscussed.Coefficients pf
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FigUre 6.7.1. Mean catch rates (Log\O (catchfO.25 h+ I]) for blue crab by
est'uary using TPWD-CF monitoring program trawl samples collect~d

during the periodJan~ through December, 1983 through 1988inclu-

Brown shrimp~ Brown shrimp catch rates were di­
vided into six non-overlapping gr~ups (P < 0.05; Figure
6.7.2). The highest catch rateWas found in the Mission­
Aransas Estuaryfollowed by the Guadal~pe,Nueces, Lav.aca­
Colorado and Trinity-San Jacintq; upper Laguna Madre,
and the lower Laguna Madr~. . ",

A.near-significapt cubic relationship between brown
shrimp mean catch rates and mean salinity within an estuary
was found (P <0.09; R2= 0.83) when the datafor the Lavaca­
Colorado Estuary was removed. The need for a cubic
relationship to explain the data was evident from the asym­
metrical figure formed about the point having the highest
catch rate (Mission-Aransas). ,A cubic curve also was abetter
fit because it helped to match the higher catch rate in the

determination (R2) and probability level are reported for the
simplest statistically significant or, near-significant model
that was calculated (note that ~:simple linear model that was
significant at .P < 0.15.would be reported even if a more
complex quadratic relationship was significant at P < 0.05).
All regressions were run with and without data from the
Lavaca-Colorado Estuary because catch rates for, several
species from Lavaca-Colorado appeared ro be outliers. Mean
salinities from trawl data were used with trawl mean catch
rates, and mean salinities from gill nets were used with gill
net mean catch rates.

A literature' search was performed to locate and sum­
marize available information on saliniry tolerances for estua­
rine animals (Table 6.7.3, based on Table 9-1 in TDWR
1983 by Gary L. Powell, with additional references added by .
the same' ·compiler). Thi~ information was compiled to
facilitate qualitative comparisons and discussion.

Trawl Results

.Blue crab. Four different catch rate gro~ps were
evident from the resUlts of the blue crab analysis (P ~ 0.05;
Figure 6.7.1). the Mission-Aransas Estuary had the highest
citch'rate among the seven estuaries. The groiip ofest~aries
h;ving the scc~ridhighest mean catch rat~ waS comprised of
the Triniti:San Jacinto, Guadalupe, and lower LagJria
Madre estuaries. ' The third highest catch rate was iri th~

upper Laguna Madre, and the lowest catch rate was in the
Lava~-Colorado arid the Nueces estuaries.
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Blue crab 8,648 .January - December
Brown shrimp 6,484 April - December
White shrimp 3,604 August - December
Atlantic 7,204 February .; November

croaker
Gulf 8,648 January - December

menhaden
Pinfish 8,648 January - December
Southern 8,648 January-, December

floundei'

No'ne '~f the regrekions rela.ting mean catch rates to'
mean salinity for blJ~ crabs were significant. Asimple'li~ear
regression with data from the Lavaca-Colo'~ado'EStuary
removed was very near the P < 0.15 level (P < 0.17; R2 =

0.39). This regreSsion suggests 'a simple linear in~erse

relationship between blue crab catch rates and meah salinity
~ithin an estuary. .

Table 6.7.2. Sample sizes and months used to analyze
other trawl data.

Species Sample
Sizes

Months

sive.
, , '

upper Laguna Madre, which had a higher saliniry than the
lower Laguna Madre. This relationship suggests that brown
shrimp in ,Texas, esruaries reached their highest densities
(highest mean catch rates) when m~an estuarine salinities
were between 15 and 25%0. ',,;t;:

. -'l!!

White shrimp; Five distinct white shrimp' catch rate
groups were identified among the seven Texas estuari.es
(P <0.05; Figure 6.7.3). the Trinity-San Jacinto Estuary,
had the highest catch rate, followed by the next highest
group comprised of the Mission-Aransas and Guadalupe
estuaries..The Lavaca-Colorado Estuary group overlapped
the previous group and thOe N ueces Estuary group which had
aslightly lower catch rate. The upper Laguna Madre had the
next-to-Iowest-, and the lower Laguna Madre had the lowest
catch rates.

. A significant simple linear inverse rel~tionship was
found between white shrimp mean trawl. catch rates and
tpeanesruarinesalinity (P < 0.01; R2= 0.74). This relation­
ship showed that withinTexas estuaries; the densiry ofwhite
shrimp decreases as mean estuarine salinities increase from
15to 390/00.
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Figure 6.7.2. Mean catch rates (LogIO [catch/O.25 h + 1]) for brown
shrimp by estuary using TPWD-CF monitoting ptogram trawl samples
collected duting the period April through December. 1983 through 1988
inclusive.
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Figure 6.7.4. Mean catch rates (Log IO [catch/O.25 h + 1]) for Atlantic
croaker by estuary using TPWD·CF monitoring program trawl samples
collected during the period February through November. 1983 through
1988 inclusive.
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A near-significant quadratic relationship between mean
trawl catch rates and mean estuarine salinity was found for
Atlantic croake~ (P < 0.13; R2 = 0.45). This relationship
suggests that Atlantic croaker had their highest densities in
estuaries having mean salinities from 20 to 300/00.

T·SJ G M-A L-G N L-LM U-LM
14.8%0 17.4%0 21.3%0 24.2%0 31.3%0 33.5%0 38.8%0

Estuary
Figure 6.7.3. Mean catch rates (LogIO ["atch/O.25 h + 1]) for white shrimp
by estuary 'using TPWD·CF monitoring program trawl samples collected
durIng the period August through December. 1983 through 1988 inclu­
sive.

Gulf menhaden. Four distinct catch rate groups
resulted from the Gulfmenhaden analysis (P < 0.05; Figure
6.7.5). The Guadalupe and Trinity-San Jacinto; estua~ies
had the highest mean catch rates. The next highest group
included the Mission-Aransas and Lavaca-Colorado. The
Nueces and upper Laguna Madre had the next-to-lowest
mean catch rates, and the lower Laguna Madre had' the
lowest.

Atlanticcroaker. Five distinct groups having different
catch rates resulted from the Atlantic croaker analysis
(P < 0.05; Figure 6.7.4). The three highest catch-rate groups
were comprised ofsingle estuaries. They were, from highest
to lowest, the N ueces, Mission-Aransas, and
Lavaca-Colorado. The fourth group was comprised of the
Trinity-San Jacinto, Guadalupe, and lower Laguna Madre.
The fifth group had a single member, the upper Laguna
Madre.
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A near significant simple linear relationship between'
mean catch rate and mean estuarine salinity waS found for
pinfish (P < 0.11; R2 =0.30). However, a highly significant
quadratic relationship was found for trawl-caught pinfish
once data from the Lavaca-Colorado' Estuaty was removed
(P < 0.01; R2 = 0.97). The simple linear relationship
suggests an increase in pinfish density with increasing mean
salinity. The equation for the quadratic relationship showed
the highest catch rates (densities) occurred betWeen 30 and
350/00. . .

T-SJ G M-A L-G N L-LM U-LM
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Estuary .
Figure 6.7.5. Mean catch rates (Log lO [catch/O.25 h +,1]) fot Gulf
menhaden byesniary usingTPWD.Cf moniroringprogram trawl samples
collected 'during the perio<i January'through December. 1983 through
1988 inclUsive.

Pinfish. Six unique catch rate groups were identified
by the analysis (P < 0.05; Figure 6.7.6). The highest catch
rates were observed in two estuaries-Nueces <:md the lower
Laguna Madre. The'remaining groups were comprised of
single members, with the next highest catch rate being in the
Mission-Aransas followed by the upper Laguna Madre,
Guadalupe, Lavaca-Col~rado, and Trinity-San Jaci'nto.

. A significant simple linear inverse regressio~ 'was
found for Gulf menhaden caught in trawls (P< 0.01; R2 =

0.84). The mean density of Gulf menhaden decreased as
mean estuarine salinities increased from 15 to 390/00.
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Southern jlounJer. Flounder catch rates among estu­
aries formed three distinct groups (P < 0.05; Figure 6.7.7).
The Mission-Aransas had the highest mean catch. rate,
followed by the Guadalupe Estuary group: Catch rates for
the Nueces Estuary and upper Laguna Madre ~rc;'n~t
significantly different from either the Guadalupe group or
tlie group comprising the lowest catth rat~s, the rrinirY~San
Jadnto~ Lavaca-Colorado, and lower Laguna Madre. '

Gill Net Results

Estuary
Figure 6,7,6,' Mean' catch rates (Log10·[catch/O,25 h + 1]) for pinflSh by
estuary using TPWD-CF monitoring program trawl samples collected
during the period January through Decembe~: 1983 through'1988:

All the a posteriori comparisons ofgill net data showed
significant differences in mean catch rates among estuaries.
However, no significant or near-significant regressions were
found for any finfish caught in gill nets. There does not
appear to be any simple linear relationship between mean
catch ~ate (densiry) and mean estuarine saliniry for larger
fish.

A near-significant cubic relationship was found for
trawl-caught Hounder once dat; from Lavaca-Colorado was
removed, suggesting that the highest densities of Hounder
were foun'~fin estuaries having mean salinities around 200/00
(P < 0.09; R2 = 0.84). Inspection ofthe data with predicted
values shows the cubic relationship was required because the
catch rates were asymmetrically distributed about the opti­
mum.
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Figure 6.7,8, Mean carch rates (Log10 [carchfl0 h ~ 1]) for black drum by
estuary using TPWD-CF monitoring program spring and fall gill net
samples collected during the period 1977 through 1989 inclusive,
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Figure 6,7.7. Mean catch rates (Log10 [catch/O.25 h + 1]) (or southern
flounder by estuary using TPWD-CF monitoring program trawl samples
collected during the period January through .D~cembe~, 1983 through
1988 inclusive. '. .. .

0,8

. eutjmenhaiJen. Four statistically disti~ct catch ratd
were found for Gu'lf menhaden (P < 0:05; Figure 6.7.9).
The highest and 'the next-to-highest mean catch rates oc­
cllrred in the Triniry-San Jacinto EStuary and in the Nueces
Estuary, respecrivelY. The group .having the third highest
mean catch rate was comprised of the Lavaca-Colorado,
Guadalupe, Mission-Aransas, and upper Laguna M;,adre
estuaries. However, the upper Laguna Madre Estuary me~n
was not statistically different from tile estuary having the
;lowest mean catch rate, the lower Laguna Madre.

; . ;

';.

Reddrum. .Red drum catch rates separated into four
statistically differenrgroups' (P < 0,05; Figure 6.7.l0).The
high~stcatch [\lte was observed in tl;1e lower Laguna Madre.
A .group having the ~ext highest red' drum catch rate
included the Triniry-SanJacinto; Guadalupe, and Mission­
Aransas estuaries. An intermediate set oflowest mean catch
rates included .Mission-Aransas (also a member of the

.preceding group), Lavaca-Colorado, andNueces estuari~;.
The lowe!,t red drum mean catch rate was observed in the
upper Laguna Madre. .
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Black drum. The upper and lower Laguna Madre,
Triniry-San Jacinto, and Mission-Aransas had the highest
black drum catch ,rates (P < 0.05; Figure 6.7.8). The lowest
mean catch rate was observed in the Nueces Estuary. The
mean catch rates from the Triniry-SanJacinto and Mission­
Aransas estuaries could not be statistically separated ·from
either the high means from the upper and lower Laguna
Madre estuaries or the lower means found in the Lavaca­
Colorado and Guadalupe estuaries. Nso, the relatively low
sample means from the'Lavaca-Colorado and the Guadalupe
estuaries could not be separated from the low mean found in
the N ueces Estuary.
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Figure 6.7.9. Mean catch rates (Log lO [catch/JO h + 1]) for Gulf
menhaden by estuary using TPWD-CF monitoring program spring and
fall gill net samples collected during the period 1977 through 1989
inclusive.

significantly, higher than the Trinity-San Jacinto, Lavaca­
Colorado, and Mission-Aransas catch rates, and the latter
three catch rates were slightly, though not significantly,
higher than the upper Laguna Madre catch rate, the lowest
among the·estuaries.
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.In the 'lower Laguna Madre, it is possible the low
salinities·which blue crab require for mating (Hines et al.
1987) have been provided by the Arroyo· Colorado or
freshenings within South Bay. South Bay has a small volume

Estuary
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Figure 6.7.10. Mean catch rates (Logio [catchllO h + 1]) for red drum ~y

estuary using TPWD-CF monitoring program spring and fall gill net
samples collected during the period 1977 through 1989 incl~ive..

­....
Q) + 0.8
1ij ...

~~ 0.6

~~0._ 0.4
o....
~ 0.2

0.0

Figure 6.7.1 J. Mean catch rates (Log lO [catch/IO h + 1]) for southern
flounder by estuary using TPWD"CF monitoring program spring and fall
gill net samples collected during the period 1977 through 1989 inclusive.

Blue crab. Laboratory investigations have' reported
blue crabs to have a wide salinity tolerance range, 2 to 300/00.
(Holland et at. 1971; Laird and Haefner 1976). Mahood et
al. (I970) reported blue crabs had the greatest temperature
tolerance at asalinity of240/00. Other field observations have
reported conflicting observations about blue crab salinity
preferences (Gunter 1950; Hawley 1963; More 1969; Table
6.7.3). Current TPWD data· used in this analysis generally
showed higher catch rates in estuaries with lower salinities
and lower catch rates in estuaries with higher salinities.
There were two exceptions' to this generalization: the
Lavaca-Colorado had intermediate salinities arid a low bllie
crab catch rate, and the lower Laguna Madre had high
salinities and a fairly high catch rate. The TPWD analysis
in the Guadalupe Estuary (Section 6.2, Figure 6.2.1) showed
blue crabs were more abundant in areas having salinities
from 10 to 250/00.

Shellfish Discussion

j. Gulf menhaden
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Striped mullet: The comparison of mean catch rates
among the sev~n estuaries (Figure 6.7.13) revealed only two
groups for striped mullet (P < 0.05). The group having the
higher mean catch rate was comprised of the Mission­
Aransas, lower Laguna Madre, and Guadalupe estuaries.
The Trinity-San Jacinto, Lav~ca-Colorado, Nueces, and
upper Laguna Madre estuaries comprised the group with
lower mean catch rates.
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Spotted seatrout. Spotted seatrout catch rates in gill
nets was significantly higher in the lower Laguna Madre
than in any other estuary (P < 0.05). There was considerable
overlap i~ mean catch rates for the remaining six estuaries
(Figure 6.7.12). The Nueces catch rate was the second
highest, butwas not significantly higher than the Guadalupe
rate. The Guadalupe catch rate was slightly, though not

. Southern flou'"kr. .Southern flounder catch rates
also grouped into several statistically similar groups, but
none of the groups, were entirely unique (P < 0.05); The
highest mean catch rates were in the lower Laguna Madre
followed by the Guadalupe which was lower but not signifi­
cantly lower (Figure 6.7.11): The catch rate ofthe Guadalupe
group w.as slightly higher, though not significantly higher,
than the catch rates ofthe Trinity-San Jacinto, Nueces, and
upper Laguna Madre estuaries. The latter three had slightly
higher, though not significantly higher, catch rates than the
Lavaca-Colorado Estuary. The Lavaca-Colorado catch rate
was also slightly higher, though not significantly higher,
than .the Mission-Aransas catch rate.
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Figure 6.7.12. Mean catch rares (Log1o [catch/lO h + 1]) for sponed
seatrour by estuary using TPWD-CF monitoring program spring and fall
gill net samples collecred during the period 1977 rhrough 1989 inclusive.

Low blue crah catch rates in the Lavaca-Colorado
Estuary were unexpected. 'Tliis estuary had'salinities low
enough for blue crab to mate, and extensive habitat was
available. Although the"amount ofseagrass meadows in this
estuary 'Yas r:elatively,small, there were extensive Spartina
marshes. Spartina marshes have been showll. to prqvide
adequate habitat for blue crab in GalvestoiI Bay' (Th~mas
1989). It is possible that what is referred to as a "drowning
marsh" (either from subsidence or sea level riser provides
better habitat than a stable Spartina marsh (Zimmerman et
al. 1991). Therefore, the drowning marshes associated with
high subsidence in the Triniry-San Jacinto Estuary may be
better habitat than marshes in the Lavaca-Colorado Estuary
that do not have a high subsidence rate.
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(high tide = 32 x 106 cu m or 22 x 1'03 dire-ft; Diener 1975).
Therefore, local rainfall events could produce low salinities..'
In addition, seagrass meadows have been reported as prime
habitat for blue. crab (Zimmerman and Minello 1984).
Therefore, ifbfue crabs can find the salinities they require to
mate, a preferred 'habitat'ofseagrass meadows is very abun­
dant in the lower Laguna Madre. In addition, the relatively
warm year-round temperatures in the lower Laguna Madre
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Eastern oyster. Historical documentation on freshwa­
ter needs and saliniry preferences for oysters is extensive
(Quast et al. 1988a, Table 6.7.3). Oyster reefs are reported
to do best when salinities and temperatures are in the ranges
of 10 to 30%0 and 20 to 30°C. They also benefit from
frequent freshenings which lower salinities to less than
20%0, temporarily reducing predator and disease organisms
(Kinne 1971). These conditions do not commonly occur in
Texas estuaries south of Corpus Christi, and no large com­
mercial oyster reefs are currently located south of the Mis­
sion-Aransas Estuary, with the exception of South Bay (in
the lower Laguna Madre). Historical records do show,
however, that significant reefs and commercial harvests
occurred in the Nueces Estuary (Collins and Smith 1893).
The demise of the N ueces Bay reefs and harvests may have
been caused by the combination ofextensive shell dredging,
increased salinities from reduction or alteration of freshwa­
ter inflows, and increased salinitie~ from brine discharge
from oil production.
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Figure 6.7.13. Mean catch rates (LogIO [catch/lO h + 1]) for striped
muller by estuary using TPWD-CF monitoring program spring and fall
gill net samples collected during the period 1977 through 1989 inclusive.

wouid permit blue crabs to mate whenever low salinities
occurred.

In the upper Laguna Madre Estuary, where there were
also large areas ofseagrass meadows, a lower blue crab catch
rate w~ found~ Thi.s may be a result of the much higher
salinities experienced throughout this estuary combined
with an absence of low saliniry refuges within the estuary
that blue crabs can use for mating. The crabs in the upper
Laguna Madre may be migrants from nearby estuaries or the
result of matings during infrequent freshenings.

The South Bay oyster reefs have been well .docu­
mented. Speculation as to how and why oysters do well in
an area which commonly has salinities higher than 30%0
includes suggestions of species adaptation and acclimation.
Another explanation might be that South Bay has a small
enough volume that it easily freshens with local rainfall, and,
in its warm waters, oysters may be able to spawn during any
season of the year. This phenomenon, however, still needs
more study to determine whether these oysters have geneti­
cally adapted to the environment in South Bay O.D. Grey,
TPWD; p~~s. comm. 1989), or the saliniry varies just
enough to permit oysters to complete their normal life cycle.

Shri;';p. The mean catch rates and the general saliniry
conditions in each estuary correspond with other field and
laboratory findings about saliniry preferences for brown and
white shrimp (Table 6.7.3). White shrimp have been
.reported to prefer laboratory salinities in the range of 5 to
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Table 6.7.3. Salinity limits, preferences, and optima for selected Texas estuarine-dependent species.

Group/species

INVERTEBRATES

Limits
min. (%0) max. (%0)

Preference
or optimum (%0)

Remarks

Eastern oyster
Crassostr~a virginica <5

<6

5 to 7.5

5to8

>22 9to 20

20 to 21

12.5 to 25

Maximum adult range beyond limits for reproduction; best
conditions of salinity for eastern oyster (Moore 1898).

Gametogenesis inhibited by prolonged low salinity exposure;
up to three to four months required to regain normal gonadal
activity after salinity increases toward the optimum (Butler
1949).

Normal gonadal development near 7.50/00; however, oysters
with previously ripe gonads spawn when subjected to low
(5%0) salinities (Loosanoff 1953).

Larval spat setting requirement in Galveston Bay, Texas
(Hopkins 1930).

Minimum tolerance of larvae 5 to 8%0; less than 12.5%0,
adult reproduction is impaired while more than 250/00,
predation and disease increase greatly, especially with high
temperatures (Kinne 1971).

Maximum survival (80% contour plot) in lab of 2-day larvae
in laboratory at 19 to 30.5 °C temperatures (Lough 1975).

Maximum survival (60% contour plot) of 8-day larv~e in
laboratory at temperatures >21 °C (Lough 1975).

Maximum growth (100% contour plot) of 8-day larvae in
laboratory at temperatures >19 °C (Lough 1975).

Optimum (80% contour plot) for both larval survival a~d
growth in laboratory at temperatures >30 °C (Lough 1975).

Optimum for juvenile growth and development (Chanley
1957).

Field distribution in Mesquite Bay, Texas (Hoese 1960).

Early experimentally derived saliniry limits; developmental
stages best from 25 to 29%0 (Amemiya 1926).

Oysters can survive fresh water for several days, in.creasing to
about a month at 20/00 salinity (Gunter 1950).

Oysters can survive up to four weeks' in low salinity at 20 to
27°C temperatures; mortality increases severely at higher
temperatures in Galveston Bay, Texas (Hofstetter 1977).

Opti~um range of salt content (Hofstetter 1959).

Tolerance limits and optimum range for· growth and survival;
higher optimum (10 to 28%0) in cooler waters of northern.
latitudes, such as Chesapeake Bay (Galtsoff 1964).

Distribution limit in Redfish and Corpus Christi bays, Texas
(Copeland and Hoese 1966).

Ideal salinity conditions with lowest seasonal salinities in late
summer and fall (Abbott et al. 1971).

2to 4 18 to 22 10.0 to 16.0 Most productive reefs of Mississippi Sound subjecr to 10.0 to
16.0%0 average conditions (Eleuterius 1977).
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Table 6.7.3. (continued)

Group/species Limits
min. (%0) max. (%0)

3

8 to 10

<10

Preference
or optimum (%0)

15 to 30

Remarks

Best growth in reasonably stable salinity (Overstreet 1978).

Lower tolerance limit about 30/00 (Gunter et al. 1974).

Lower limit of predator Thais ha~mastoma, a gastropod oyster
drill or conch (Gunter 1950; Gunter et al. 1974),:

Low incidence of infection with fungus, Damocystidium
marinum (presently known as the protowan, P~rkinsusmarinus);
infection increases at more than 100/00 and mortality increases
severely at both high salinities and high temperatures (Mackin
1961).

Blue crab
Callinec~s sapidus

o

22.9

<1.0

o

2.8

34

32.4

40.6

>30.0

23 to 28

>20

<1.9

2 to 21

Range of infection of Gulf coast populations with P~rkinsus

marinus; prevalence and intensity of infection correlated with
salinity, temperature, and condition index; however, salinity
alone explains only about 20% of infections, while other factors
(polluted runoff from agricultural and industrial land use) may
control variability of infection from site to site (Ctaig et al.
1989).

Range for captute of egg-bearing females near Aransas Pass,
Texas (Gunter 1950).

Optimum range for hatching of eggs in Virginia estuaries
(Sandoz and Rogers 1944).

Occurrence of spawning and early development in Texas bays
(More 1969).

Peak abundance of juvenile blue crabs in Texas bays (1965)
(More 1969).

Lethal limit at optimum (29°C) temperature; range of little
effect on juvenile growth and survival in laboratoty (Holland et
al. 1971).

Observed freshwater populations in Louisiana (Gunter 1938).

Field distribution in Mesquite Bay, Texas (Haese 1960).

2.0

2

<5

37.2

117

45

60

>18

'I
I

10.0 to 20.0 Field distributiOli in Copano and Aransas bays, Texas; range of
greatest abundance (Gunter 1950).

Field collection in Laguna Madre de Tamaulipas, Mexico; high
salinity briefly tolerated (Hildebrand 1958).

Blue crabs observed leaving upper Laguna Madre, Texas, as
salinity increased (Hawley 1963).

Field distribution in Texas bays and lagoons of northwestern
Gulf of Mexico (Hedgpeth 1967).

24.2 Salinity for widest thermal tolerance zone in adult blue crab
(Mahood et al. 1970).

Duration of megalops stage (6 to 20 days) with highest densities
at polyhaline (>180/00) sites, while juveniles most abundant at
oligohaline «50/00) in South Carolina (Mense and Wenner
1989).
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Table 6.7.3. (continued) ,"

Group/species Limirs Preference Remarks :,

min. (%0) max. (%0) or optimum (%0)

". ... ..
0 40 oto 27 Optimum catch range wirh 10 to 35 DC temperatures

(Copeland and Bechtel 1974).

10 to 30 Range of no effecr on merabolic consumption of oxygen
(respiration) (Laird and Haefner 1976).

Brown shrimp
Pmatus azttcus 2 40 Range of equal posdarval growth over 23 to 25 DC; survival 90

to 100% in laborarory (Zein-Eldin 1963).

<10 Marked reducrion in posdarval rolerance ar low (7 ro 15 DC)
temperatures ro low (5%0) saliniry (Zein-Eldin and Aldrich
1965).

15 to 35 Range of increased posdarval growrh ar temperarures >25 ·C;
decreased growrh ar less than 150/00 in laborarory (Zein-Eldin

.i f. and Griffirh 1969).

<5 >40 Range at which 80% of 10 to 15 mm posrlarvae survive; 12-
hour acclimarion in laborarory (Zein-Eldin and Griffith 1969).

>15 Appeared ro enhance survival and growrh of.posdarvae in
Barararia Bay, Louisiana (St. Amanr et al. 1966).

>15 Commercial carches poor in years when posrlarvae were present
in Louisiana bays wirh <150/00 (Gaidry and Whire 1973).

29.9 ' Median saliniry average of posdarval distriburion during March
ro April in laborarory gradienr tank (Keiser and Aldrich 1976).

20.6 Median saliniry average of posrlarval disrriburion during May ro
July in laborarory gradient rank (Keiser and Aldrich 1976).

10.0 ro 19.9 Range at which juveniles were more abundanr based on field
population distriburions (Gunter er al. 1964).

0.2 30 10 ro 30 Field distriburion in Caminada Bay, Louisiana; and range for
91.8% of juvenil~s collecred (Crowe 1975).

0.5 45.3 Fielddisrribution in Mesquire Bay, Texas (Hoese 1960).

<17 Preference of juvenile (70 mm) shrimp in laborarory ar >26 ·C
remperarure (Venkararamiah er al. 1977a).

15 ro 25 Oprimal range for subadulr (95 mm) shrimp in laborarory ar
<25 DC remperature (Venkararamiah er aI. 1977a).

8.5ro17 Optimal range for juvenile growrh on low (40%) prorein dier in
laborarory at 21 ro 31 ·C remperarures; low saliniry essenrial for
fast posriarval growth from age 16 days and older
(Venkararamiah er 01. 1977b).

27.6 ro 28.3 Isosmoric saliniry condirions for shrimp> 100 mm length;
osmoregulation above 28.30/00 berrer rhan whire shrimp
(McFarland and Lee 1963).

2.1 36.6 15.0 ro 19.9 Field distriburion in Copano and Aransas bays, Texas; range of
grearesr abundance '(Gunrer 1950).
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Field collection in Laguna Madre, Texas (Simmons 1957).

Table 6.7.3. (continued)

Group/species Limits
min. (%0) max. (%0)

, '69.0

PreferenCi:
or optimum (%0)

Remarks :.t

0.8

0.22

Lower distribution limit in Grand and White Lakes, Louisiana
(Gunter and Shell 1958).

Field collection in St. Lucie EstuarY, Florida (Gunter and Hall
1963).'

White shrimp

P"'M~ utif"Uf

5

0.1

9

<2

70

40

>40

5

5 to15

28.0

21.0

Field disttibution in Texas bays and lagoons of northwestern
Gulf of Mexico (Hedgpeth 1967). ' ,

Field collection in North Carolina estuaties (Williams and
Deubler 1968).

Acclimation at low (50/00) salinity provides near to optimum
resistance to high temperatures and 5 to 250/00 salinities in
laboratoty tests (Wiesepape et al. 1972).

No optimum salinity established with 20 to 35°C tempera­
tures, based on field catch tates (Copeland and Bechtel 1974),

Range at which 80% of 8 to 50 mm (postlarvae to juvenile)
shrimp survive; 48-hour acclimation in labotatoty (Zein-Eldin,
and Griffith 1969). '

Increased growth at this range (and >25 °C) mote than two
times tissue production of postlarvae at 25 to 350/00 in
laboratory (Zein-Eldin and Griffith 1969).

Median salinity average of postlarval distribution during May to
July in laboratoty gradient tanks (Keiser and Aldrich 1976).

Median salinity average of postlarval distribution during Augusr
to November in laboratoty gradient tanks (Keiser and Aldrich
1976)."

Field collection of small white shrimp (23 to 76 mm) in Laguna
Madre de Tamaulipas, Mexico (Hildebrand 1958).

0.42: Lower distribution limit in Grand and White lakes, Louisiana;
young shrimp 140 times more abundant at 0.7 to 0.80/00
(Gunter and Shell 1958).

27.6 to 28.3 Isosmotic salinity'conditions for shrimp >100 mm,length;
osmoregulation below 27.60/00 better than brown sh~imp
(McFarland and Lee 1963).

1O.0,to-14.9 iFieid distribution/in Copano and Aransas bays, Texas; range of
greatest abundance, although still common at s4.90/00 (Gunter'
1950).

1 , '34

·,"·.. ·',i·

, 2.9' 45.3

2.1 36.6

1 [020 Field distribution in Caminada Bay, Louisiana; range for 91.1 %
of juveniles collected (Crowe 1975).

Field distribution in Mesquite Bay, Texas (Hoese 1960).

2.9 45.3 Field distribution in Mesquite Bay, Texas (Hoese 1960).
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Table 6.7.3. (continued)

Group/species Limits
min. (0/00) max. (%0)

Prefeien~

or optimum (%0)

.,' ·:i... ·

Remarks

T

FISH

Atlantic croaker
Micropogonias undul4tus

2

o

>5

o

0.4

45·

38

37

34.4

,',

<10

25 to 35

15 to 20

15 to 35

oto 15'

6 to 15

<15

5 to 15

190

Field distribution in Texas bays and lagoons of northwestern
Gulf of Mexico (Hedgpeth 1967).

Preference based on population distributions (Gunter et aI.
1964).

Optimum catch over entire salinity range with 20 to,38°C
temperatures (Copeland and Bechtel 1974).

Limits for fertilization of eggs and range of successful hatching
in laboratory; the eggs beco!""e nonbuoyant, sink, and die at
salinities <250/00 (Thomas and Boyd 1989).

Optimum saliniry range for Day 1 larvae in laboratory under
optimum temperatures (Thomas and Boyd 1989).

Range of no saliniry-related mortality during the pelagic larval
stage in laboratory under optimum temperatures (Holt and
Banks 1989). ,i,J,i

Lowest range of abundant catches in Grand and White lakes,'
Louisiana (Gunter and Shell 1958).

Range of common occurrence in Barataria Bay, Louisiana
(Rogers 1979).

Field distribution in Mississippi Sound and range of common
occurrence of juveniles (Overstreet and Heard 1978),

More abundant in Texas waters of less than 15%0 (Gunter
1945).

Most abundant in mesohaline region of South Carolina
estuaries; strong correlation noted between size and salinity,
with second peak abundance of larger fish found at > 180/00
(Miglarese and Shealy 1982).

Recorded occurrence in northwestern Gulf and Laguna Madre,
Texas (Hedgpeth 1967).

Field distribution in Copano and Aransas bays, Texas; most
abundant range 10.0 to 15.00/00 (Gunter 1945).

Field distribution in Texas bays and lagoons of n'orthwestern
Gulf of Mexico (Hedgpeth 1967).

Field distribution in Laguna Madre, Texas; usual range is 25 to
50%0' (Simmons and Breuer 1962).

Operational limits; range of optimum metabolic' condition at 20
to 28°C temperatures; maximum swimming performance at 28
°C and 200/00 (Wohlschlag 1977).



Table 6.7.3. '(continued)

Group/species

Red drum
Sciamops oceJi4tus

Limits
min. (0/00) max. (%0)

<25

Preference
or optimum (%0)

15 to 35

Remarks

Eggs fertilized from fish acclimated to 26 to 320/00 in laboratory
became nonbuoyant (sank into conditions unfavorable for
survival) at salinities Of less than 250/00 (Holt et al. 1981a).

Range of no .saliniry-related mortaliry during the pelagic larval
srage in laboratory under optimum temperatures (Holt and
Banks 1989). .

Spotted seatrout
Cynoscion nebulosus

2.1

o

5 to 10

<5

5

5

, 32.4

>50

40 to 45

50

50

<15

20 to 40

<50

20 to 25

30 to 35

>30

20 to 45

10 to 35

10 to 40

Field distriburion in Copano and Aransas bays, Texas; greatest
abundance at less than 15%0 (Gunter 1945).

Field distribution in Texas bays; range of preference (most
abundant in 30 to 350/00); young mature in three to five years
(Simmons and Breuer 1962). ' '

Populations in Laguna Madre. Texas, severely limited by >500/00
(Simmons 1957).

Operational limits; range of optimum metabolic condition at'20
to 28°C temperatures in labo(atory (Wohlschlag 1977).

Lower limit especially important when temperature is low (<10
0C); peak spawning in Florida estuaries and lagoons a~ 30 to
35%0; larval su~ival reduced if saliniry low (T~bb 1966).

Spawning occurs in Louisiana estuarine areas of higher saliniry
(Sabins and Truesdale 1974).'

No egg hatching success at extreme salinities; range of successful
reproduction in laboratory under optimum temperatures
(Thomas and Boyd "1989).

No survival of Day 1 larvae at extreme salinities; survival range
of larvae at early stage in laboratory under optimum tempera­
tures (Thomas and Boyd 1989).

Range of no saliniry-related mortality during the pelagic larval
stage in laboratory under optimum temperatures (Holt and
Banks 1989).

s60

<55

2.3 34.9

<5 77

1.5 45.3

-J,' 10 45

<45

15 to 35

5 to 20

20

191

"Young" collected up to abou~ 60%0 in Laguna Madre. Texas;
no spawning if saliniry >45%0 (Simmons 1957). '

Absent at more than 550/00 'in Baffin and Alazan bays, Texas;
most abundant range 15 to 35%0 (Breuer 1957).

Field distribution in Copano and Arans~,bays,Texas; more
than '800/~ collected in 5 to 200/00 (Gunter 1945).

Field distribution in Texas bays and lagoons'of northwestern
Gulf of Mexico (Hedgpeth 1967).

Field distribution in Mesquite Bay, Texas (Hoese 1960).

Operatiorial limits; 'optimum metabolic condition at 20
to 28°C temperatures in laboratory (Wohlschlag and

Wakeman 1978).



No relationships between mean estuarine salinity and
gill net catch rates were found for black drum, southern
flounder, Gulf menhaden, striped mullet, red drum, or
spotted seatrout. Therefore, no immediate effects on these
species would probably be evident from reduced inflows.
Delayed effects, however, may show up later if substantial
'vegetation 'or sediment'changes occur as the result of inflow
changes, and these species are dependent on these habitat
types.

Texas coastal fisheries. Most (up to 97.5%) of the
coastal fishery species harvested along the GulfofMexico are
considered estuarine-dependent; that is, they are dependent
on the bays and estuaries for food or protection during at
least someportion of their life cycles (Gunter 1967,1980;
Boesch and Turner 1984). The coastal fisheries are also
recognized as one ofthe state's most valuable natural re­
sources. For example, commercial and sport fishermen
harvested more than 115 million pounds ofcoastal fish and
shellfish in 1'986, and'the total annual impact ofcommercial
fishing, sport fishing, ,and other recreational bay activities on
the state's economy that year was estimated at more than
$2.6 billion (Fensenmaier et al. 1987). The landings

Introduction

6.8 INFLOW EFfEcrS ON FISHERIES HARVESTS

Although living organisms with short life 'cYCles are
often used as "indicators" in evaluating an ecosystem's
ambient quality, those with longer life spans (one year or
greater) can be viewed as "integrators" of the environment's
fluctuations over extended periods of time. In particular,
fish production may be considered a measure of an aquatic

'ecosystem's overall health (Price 1979). Indeed, fishery
species have aptly served as an early warning of impending
trouble in ,a number of environmental crises Oohnson
1976). In this section; Texas seafood harvests are used as a
surrogate for total fisheries production from the state's bays
and estuaries. Analysis of the relationships among fisheries
and key environmental factors, like freshwater inflows, can
be'used to determine their influence on the most economi­
cally important part of the biological production from our
coastal waters.

Finfish Discussion

200/00 (Zein-Eldin and Griffith 1969; Keiser and Aldrich nificantly increase the mean salinity above 250/00'within'a
1976). ,This study also showed white shrimp were 'most , Texas estuaty'couldreducethe densi~iesof eastern"oysters;
abundant in the fresher estuaries (less than 300/00) and leas~ 'fwhite shrimp, and-gulf menhaden. Altering inflovvs such·
abundant in the more saline estuaries (greater than 300/00). ,that salinltl~s:dec;'~'~~,to:below150/00 or increase to above
Brown shrimp have been reported to prefer laboratory salini" .", 300/00 could"reduce densitiesofbtown"shtimp, small Atlaii;'
ties in the range of15 to 300/00 (Zein-:Eldin and Griffith 1969; tic croaker, and small southern flounder. Pinfishdepsiiies
Ve~kataramiah et' ai. 1977a). This study also 'reports the appeared to have highest densities wi-ie~ near est~arine

highest mean catch rates in estuaries having salin'ities closest salinities were around 300/00.
to this ~ange (i.e., Mission-Aransas, Guadalupe, and Nueces
estuaries) and lower catch, rates in estuaries having lower or
higher salinities. The distribution ofthese two species within
the Guadalupe Estuary as shown in trawl data also reflected
th,c:se salinity preferences by being more abundant in that
portion of the estuary that consistently had salinities in their
preferred ranges (figures 6.2.4 and 6.2.7).

Only smaller finfish caught in trawls indicated any
relationships between mean catch rate and mean estuarine
salinity. No'finfish species sampled by gill net showed any
significant relati~l}ship between mean catch 'rates and mean
estu~rine ~alinity: However, all the finfish species investi­
gated (regardless ofcapture gear) showed statistically signifi­
cant differences in mean catch rates among the estuaries.
Most' of the differ~nces in"'gill net data were' relatively small'
and may be indicative ofyoung survival, habitat' availabiliry,
and harvesti~gofolder (larger) members.

, For southern flounder and Gulf menhaden, there was
a lack 'of correhtion between miwl catch rates and gill net
catch rates. This could be the result ofa number ofdifferent
phenomena. Possibly, the ,catch efficiency, ofdifferent gears,
varies among estuaries. Different harvest rates on larger fish
may occur among the estuaries and-rcduce densities below
what would normally occur.

". '.

Conclusion

The analyses in this study, other published field stud­
ies, and laboratory experiments (Table 6.7.3) provide evi­
dence that r~ductions in freshwater inflows that w~>uld sig-

All mean catch rates for trawl-caught finfish showed
either significant relationships with mean estuarine salinity
(P < 0.05) or near-significant relationships (P < 0.15). This,
t~'sult sl;lggeSts that the smaller fish caught in trawls (Meador
et al. 1988) may be more sensitive to salinity regi~es than
larger fish of the same species caught in gill nets (Mambretti
et al. 1990). Or,it could be that larger fish caught in gill nets

,were a reflection ofdifferential fishing pressure, other differ­
ential n'3:tural predation rates among the estu~ries, or the
abilityofthe estuary to provide habitat needs as the individual
of a species grows and matures.

192



I .
estimate does not include the 40 to 140 million pounds of
menhaden which are harvested annually from Texasgulf
waters, but landed and processed in Louisiana. o

oo

o

90th875th

5Oth-

25th .
1Oth-

8

8

Finfish

o

8

Trinity- Lavaca- Guadalupe Mission- Nueces
San Jacinto Colorado Aransas

Figure 6.8.2. Percentile plot of commercial landings of finfish species in
Texas estuaries (1962 to 1987). The 10th, 25th, 50th (median), 75th, and
90th percentiles are shown for each estuary as well as data points below the
10th and above the 90th percentiles. The "notch" shows the 950/0
confidence interval around the median. .

Variations in precipitation,. rainfall runoff, or river
discharge have been associated with changes in the catches
of estuarine-dependent fisheries and have been used as an
indicator ofpotential fish and shellfish production (Pearson
1948; Turner and Chadwick 1972; Sutcliffe 1972, 1973;
Stevens 1977, 1979). In Texas, Hildebrand and Gunter
(1953) were the first to·demonstrate a significant relation­
ship between rainfall and the catch ofwhite shrimp (Penaeus
setiferus).' Other freshwater inflow relationships to .Texas
coastal fisheries were reported by Gunter and Hildebr,and
(1954), Gunter and Edwards (1969), Hackney (1978),
Powell (1979), Texas Department of Water Resources
(1980a, 1980b, 1981c, 1981 d, 1981e, .1982c; and 1983),
Armstrong (1982), Saila et al. (1982), and Mueller and
Marrhews.(l987). This section reports on new relationships
which have.been developed from updated freshwater inflow
and fisheries harvest data.

The relationships between an organism and its envi­
ronment are intricate and absolutely decisive in survival,
growth, and ultimately, reproduction of the species. Few
.fluctuations can produce so II)any profound changes in an
ecosystem as does change in the c1imaric regime (Stone et al.
1978; Kennedy 1990). Indeed, biologists often find con~

.nections between climate and fisheries, but the exact caus­
ative mechanisms of the biological effects are not always
known (Knauss 1979; Austin et al. 1982). Nevertheless,
significant correlations among the empirical data can lead to
a better understanding ofcausative factors, as well as provide
a simple tool for forecasting fisheries performance, espe­
cially when lack of knowledge about the causative mecha­
nisms prevents development of an adequate deterministic
model (Ulanowicz et al. 1982).

.Importance of Freshwater Inflows to Fisheries
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Figure 6.8.1. Percentile plot ofcommercial landings ofshellfish species in
Texas estuaries (1962 to 1987). The 10th, 25th, 50th (median), 75th, and
90th percentiles are shown for each estuary as well as data points below the
10th and the 90th percentiles. The "notch" shows the 95% confidence
interVal around the median.

Finfish. The 1980 through 1987 commercial harvests
of "finfish" (marine fishes) were likewise greatest in the
Trinity-San Jacinto Estuary and constituted 39% of the
combined harvest tal<en from the five estuaries. Neverthe­
less, on the basis ofareal production, this estuary's commer­
cial harvest rate of 1.1 kg/ha (about 1 lb/acre, Table 6.8.1) is
exceeded by that of the N ueces estuary (2.9 kg/ha or 2.5 lbl
acre) and the Mission-Aransas Estuary (1.7 kg/ha or 1.5··lbl
acre). Again, the total finfish harvest per unit of bay area is
actually much larger, primarily because the recreational
harvests from sportfishing are not included in this comparic
son.

Shellfish. Texas bays and estuaries are not all equal
producers ofcoastal fisheries (figures 6.8.1 and6.8.2). During'
the recent interval from 1980 through 1987, 35% of the
"shellfish" (bay shrimp, crabs, and oysters) commercially
harvested in the five major estuarine systems between
Galvest~n and Corpus Christi, Texas, were taken in the
Triniry-San Jacinto Estuary. On the basis of pounds har­
vested per unit area each year (using acres ofwater surface at
mean low tide from Diener 1975), this estuary produced an
average of32.6 kg/ha (29.1 lb/acre) annually (Table 6.8.1).
However, the highest annual harvest rates are associated with
the Mission-Aransas Estuary (56 kg/ha or about 50 lb/acre)
and the Guadalupe Estuary (44.2 kg/ha or 39.4 lb/acre),
even though they accounted for only 19% and 18%, respec­
tively, ofthe combined shellfish harvest from the inshore bay
systems. It should also be noted that the total commercial
harvest, which is dependent on each unit of bay area, is
substantially larger than the weights given above because
much of the estuaries' shellfish production (up to five times
more shrimp) is harvested offshore in the Gulf of Mexico.
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Table 6.8.1. Dimibution and trends of commetcial fisheries harvests in five Texas estuaties.

Estuary

Group and
measure

Yeats Triniry­
San Jacinto

Lavaca­
Colorado

Guadalupe Mission­
Aransas

.Nueces

S,hellfish-percent (0/0) of Texas total harvest

1962-1969 54.1

1970-1979 45.7

1980-1987 34.9

Shellfish-harvest in pounds per acre of water"

20.3 14.3 8.1 3.3

18.8 15.3 14.9 5.2

21.7 18.4 19.2 5.8

1962-1969

1970-1979

1980-1987

Finfish_percent (0/0) of Texas total harvest

1962-1969

1970-1979

1980-1987

Finfish-harvest in pounds per acre of water"

1962-1969

1970-1979

1980-1987

22.4

25.6

29.1

22.5

19.2

38.7

0.9

1.1

1.0

1l.8

14.8

25.5

21.8

11.4

5.0

1.3

0.9

0.2

15.1

22.0

39.4

12.4

12.4

5.9

1.3

1.9

0.4

10.4

26.1

49.9

36.4

30.3

.19.3

4.8

5.5

1.5

4.4

9.5

15.7

6.8

26.6

31.0

0.9

5.1

2.5

a Based on estuary surface area at mean low tide.

Assessing the Relationship Between Inflow and
Harvest '

. Analytical data; Harvest data on seven species, red
drum (Sclaenops' oce/latus), black drum (Pogonias CTomis),

sported seatrout (Cynoscion nebulosus) , blue crab (Callinectes

sapidus) , eastern oyster( Crassostrea virginica) , brown shrimp
(Penaeus aztecus),and white shrimp, were used in the
analysis. Annual catch data from the 1962 through 1976
commercial harvests of coastal fish and shellfish were ob­
tained froin Texas Landings, a cooperative publication ofthe
U.S.' Department of the Interior and the TPWD (Farley
1963 to 1969), and the U.S. Department ofCommerce and
the TPWD (Farley 1970 to 1978). Commercial landings
data from 1977 through 1987 were obtained from the
TPWD (Quast et al. 1988b). Similarly, the 1959 through
1976 annual catch and effort data from the Texas shrimp
fishery was found in GulfCoast Shrimp Data, a publication
of the U.S. Department of the Interior (1960 to 1969) and
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the U.S. Department ofCommerce (1970 to 1978), which
was prepared in cooperation with the state fishery agencies
of Alabama, Florida, Louisiana, Mississippi, and Texas.
Additional shrimp fishery data from 1977 through 1987 was
provided on computer tape to the TPWD by the U.S.
Department of Commerce (Dr. John Poffenberger, Eco­
nomics and Statistics Office, National Matine Fisheries
Service, Miami, Florida; pers. comm. 1989). All harvest
weights are given as whole animal weights except for shrimp
and oysters. Heads-on shrimp .weights were calculated by
multiplying the heads-offweights by 1.54 (white shrimp) or
1.61 (brown shrimp). Oyster weights are given only as
shucked meat weights.

Environmental variables which were tested for rela­
tionships to the coastal fisheries harvests included seasonal
(bimonthly) freshwater inflows and average minimum air
temp~ratures~ The hydrological data was compil<;d into two
Categories: (1) USGS gaged flo~s m~asured at the .last



nontidally affected streamgaging station in each contribut­
ing river basin, and (2) combined inflows from all gaged and
ungaged river and coastal drainage basins that contribute
fresh water to each estuarine system. The u'ngaged inflows
were estimated using a rainfall runoff modeling procedure
which is described in Section 4:1 ofthis report. Air tempera­
tures from the National Weather Service station nearest to
each estuary were obtained from Climatological Data, Texas
(1959-1988), a publication of the National Climatic Data
Center, U.S. Department of Commerce, Ashville, North
Carolina.

Statisticalmethods. Analysis ofthe time series records .
of the dependent variable (fishery harvest) and the indepen­
dent predictor variables (freshwater inflow, temperature, .
and fishing effort where available) was accomplished using
the "All Possible-Subsets Regression" (9R) computer pro­
gram contained in the BMDP statistical package (Dixon et
al. 1988). The statistical procedure allows the ten best
subsets of predictor variables to 'be identified using the
Mallows'Cp criterion, which is defined as .

C = RSS I sL (n - kp')p

where RSS is the residual sum of squares, s2 is the residual
mean square, n is the number ofcases in the analysis, k is 2,
and p' is the n~mberofvariables (including the intercept) in
the regression equation. The "best" regression equation is
the one that has the lowest Cp value. Since Mallows' Cp has
a built-in penalty to guard against overfitting the model, as
often happens when the selection criteria is based on maxi­
mization ofR2 (the coefficient ofdetermination), it encour­
ages selection of regression equations with fewer variables.
Nevertheless, it is still sometimes difficult to say which ofthe
subsets is really best based on Mallows' Cpalone. Obviously,
from a scientific standpoint, one should generally select the
equation which is most meaningful to the research problem
of interest. This is the intent of the procedure used here.

In practice, the alignment of the time series data files
between dependent and independent variables is not the
same among species in the fishery analyses (Figure 6.8.3).
This is a standard procedure which recognizes that environ­
mental effects on the growth and survival of the young may
not be expressed until the affected age-class matures and
enters the commercially exploited adult population some­
time later (Hjort 1914; Gulland 1965; May 1974). Consid­
eration ofthe life histories of the fishery species requires that
the probable lagged effect in time of the environmental
factors on harvest must be appropriately taken into account.
The dependent variable (harvest) must be lagged after the
independent variables (freshwater inflow and temperature);
therefore, the independent variables are chronologically an­
tecedent to the harvest in the time series analyses.

Nonlinearities and curvilinear relationships among
the variables were rran·sformed to Vnearity most successfully

, with natural logarithms (In) in this analysis. Regression
analyses were performed with both transformed and non­
transformed data, and the "best" equation was selected on
the basis ·of which produced the best statistical fit. The

. tolerance level in the BMDP-9R program was set below the
default level (0.00001 instead of 0.0001), to decrease the
chance of obtaining regression equations with collinear
variables that may have little relad~nship to the dependent
variable. The unexplained variation (residuals) from the
regression analyses were also statistically examined using the
Runs test for serial correlation,and the Durbin-Watson test
for autocorrelation to guard against acceptance ofequations
with this p'roblem. .

Data with nonnormal distributions were indicated
by larg~ values of skewness and kurtosis in the BMDP-9R
program. This can become a problem because nonnormal
distributions with heavy tails (high kurtosis) may contain
several "outliers" produced by extreme events in the histori­
cal re~ord. Detection and removal ofoutliers were accom­
plished where necessary by identifying the case(s) with
maximum values for Cook's Distance, Mahalanobis Dis­
tance, and the standardized residual. The best indicator of
candidate outliers for deletio,n is considered to be the
Cook's Distance, because it measures the change in regres­
sion coefficients if an outlier case is omitted from the
computation (Dr. David Hinkley, University of Texas at
Austin; pers. comm. June 21, 1989). On the other hand,
the Mahalanobis Distance is a measure of the outlier's
distance from the mean centroid ofall cases included in the
analysis. The standardized residual simply indicates which
case prediction deviates greatest from the observed case in
the regression analysis. Candidate outliers were chosen
using all three methods available in an effort to produce the
best equation possible. After selection, the regression
analysis was repeated with the outlier case(s) removed
sequentially, usually producing an improved harvest equa­
tion.Although there is no established statistical rule on the
number of deletions allowed, they never exceeded 10% of
the cases in any of the fishety records analyzed here.

Fisheries analysis results. Statistically significant (P <

0.05) regression equations were developed for each of the
seven coastal fishery species harvested in the Guadalupe
Estuary, both as a function of gaged streamflows (Table
6.8.2) and as total· combined freshwater inflows to the
estuary (Table 6.8.3). For each equation, the number of
cases (n = harvest years) in the regression analysis, the
significance (P = probability) level, the correlation coeffi­
cient (R), the adjusted toefficient· ofdetermination (Adj.
'R2), and thestand~rd error 'ofthe harvest estimate (S.E.
Est.) are given. In addition, the maximum value, minimum
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Harvest, Black drum.

I Harvest I Red drum

I Harvest· . Seatrout

Harvest .Eastern oyster

Harvest Blue crab

Harvest .Brown, pink, and
white shrimp

Antecedent (lag) period ,in: years
I' .

.Harvest
year

Figure 6.8.3. Alignment of independent and dependent variables in (he fisheries analyses.
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Table 6.8.2. Equations with statistics for the Guadalupe Estuary relating fishery harvests to seasonal freshwater inflows from only
the gaged ,drainage basins...See table footnote for definitions of variables. The number of years of data (n), significance level (P),
correlation coefficient (R), adjusred R2, and srandard error of rhe estimate (S.E. Est.) are given for each equation; the standard error
ofthecoeffieient (S.E. codI'.) , and minimum, maximum, and mean values are presented forthe dependent and independent variables.

Species or
equarion

Variable S.£;
codi'.

Maximum
value

Minimum
value

Mean
value

White shrimp harvest =f (seasonal gaged flow, effort):

(n =27, P < 0.0001, R =0.90, Adj. R2 =77%, S.E. Est. =± 125.4026)

Hws = -134.384 - 205.012 (In QND) + 196.837 (In,QjF) + 73.0483 (In ~j) + 0.1267 (Ei)

Hws 1415.0 241.8 737.5

InQND 57.3595 6.7182 4.5992 5.5104

InQjF 67.5024 6.798~ 4.4819 5.5444

InQMj 35.1373 7.8683 4.0146 5.9623

E· 0.0213 7208.4 1041.1 3748.01

Brown shrimp harvest = f (seasonal gaged flow, effort, temperature):

(n =27, P < 0.0001, R =0.95, Adj. R2 =89%, S.E. Est. =± 0.3354)

In Hbs = 6.2116 + 0.1806 (In QMj) + 0.000761 (Ei ) - 0.0616 (TjF)

In Hbs 7.5122 4.2062 5.9209

InQMj 0.0643 7.8683 4.0146 5.9003

E· 0.090054 435i.O 223.2 1916.91

TJF 0.0212 50.2 39.3 45.7

Blue crab harvesr = f (seasonal gaged flow, temperature):

(n =24, P < 0.0001, R =0.92, Adj. R2 =78%, S.E. Est. =± 0.3607)

,In Hbe = 20.4508 - 1.1509 (In QjF) + 1.8123 (In QjA) - 1.0202 (In QsO) - 0.0746 (TJF) + 0.2193 (TMJ) - 0.2312 (TjA)

- 0.0988 (TND)

In H be 8.4713 5.6208 7.1854

In QjF, 0:2589 6.4102 4.8426 5.6291

InQjA 0.2068 6.2277 3.9741 5.2651

InQsQ 0.1644 6.8078 4.4079 5.6261

TjF 0.0286 50.2 39.3 45.2

TMj 0.0672 76.0 70.0 72.9

TjA 0.0612 80.5 74.8 77.8

T ND 0.0367 57.7 46.2 52.9

!------------------------------~
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Table 6:8.2. (continued). ;

Species or
equation

Variable . S.E.
coefT.

Maximum
value

Minimum
value

Mean
value

Bay oyster harvest = f (seasonal gaged flow, temperature):

(n =24. P < 0.0001. R =0.95. Adj. R2 =88%. S.E. Est. =± 0.3388)

In Hbo = 40.4359 - 1.4864 (In QjF) + 1.8920 (ln~) - 1.2550 (In QMj) + 0.0589 (TjF) - 0.4108 (TjA)

In Hbo 7.5690 3.9871 5.6230

InQjF 0.2441 6.4102 4.9402 5.6938

InQMA 0.2267 6.6678 4.8203 5.6822

·lnQMj 0.1492 7.3466 4.7194 6.2267

TjF 0.0241 50.2 39.3 45.6

T jA 0.0497 80.5 75.5 77.8

Black drum harvest = f (seasonal gaged flow. temperature):

(n =24. P =0.0001. R =0.86. Adj. R2 =66%. S.E. Est. =± 20.2631)

Hbd = -1756.67 + 134.397 (In QjF) - 96.3520 (ln~) - 19.9919 (In QsO) + 62.8709 (In ~D) + 17.1953 (TjA)

Hbd 131.0 0.4 37.4

InQjF 23.1272 6.2360 4.8873 5.6623

InQMA 16.3997 6.5514 4.8956 5.6270

InQsO 9.2753 6.5152 4.5706 5.7374

InQND 13.8773 6.3547 4.8363 5.6062

TjA 3.6559 80.5 74.8 77.8

Red drum harvest ~ f (seasonal gaged flow):

(n = 19. P =0.0001. R =0.86. Adj. R2 =69%. S.E. Est. =± 0.3379)

In Hrd = 2.1282 - 1.4714 (In QND) + 0.7495 (In QjF) + 1.1481 (QjA)

In H rd' 5.1885 3.1946 4.1952

InQ~D 0.2868 6.3547 4.8363 5.6487

In QjF 0.2859 6.2360 4.8873 5.7335

InQjA 0.1866 6.1620 4.0792 . 5.2970
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Table 6.8.2.' (Concluded)

Species'or
equation

Variable. S,.E.
coeff.

Maximum
value

I
Minimum

value
Mean
value

Spotted searrout harvest: f (seasonal gaged flow):

(n ~ 19, Ii: 0.0002, R: 0'.81, Adj. R2: 61%, S.E. Est. : ± 0.4603)

In Hss : 3.3498 - 1.2239 (In ~D) +1.2079 (In ~J)

0.2756'

0.2379

4.7432

6.3547

6.7992

2.5014

4.8363

4.6425

3.8435

5.6487

6.1321

H : comI;"ercial harvest of fIshery species in,thousands of pounds pet yeat

In H : .naturallogarithm of commercial fIshery harvest

Ei : inshore harvest effort in number of fIshing trips per year

Q: bimonthly gaged freshwater inflow in thousands of acre-feet per yeat -
In QJF : natural logarithm of gaged inflow in January + February
In QMA : naturallogatithm of gaged inflow in March + April
In QMJ : naturallogatithm of gaged inflow in May + June
In QJA : naturallogatithm of gaged inflow in July + August
In QSo : natutallogarithm of gaged inflow in September + October
In QND : natural logarithm of gaged inflow in Novembet + December

T = bimonthly average minimum air temperature (OF)
T 1F = average minimum tempetature in January and February
T MA = avetage minimum temperature in March and April
T MJ = average minimum temperature in May and June
T 1A = average minimum tempetatute in July and August
T SO = average minimum temperature in September and October
T ND = average minimum temperature in November and December
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Table 6.8.3. Equations with statistics for the Guadalupe Estuary relating fishery harvests to seasonal combined freshwater inflows
from all contributing river and coastal drainage basins. See table footnote for definitions ofvariables. The number ofyears ofdata
(n), significance,levei (P), correlation coefficient (R), adjusted R2, and standard error of the estimate (S.E. Est.) are given for each
equation; the' standard error of the' coefficient (S.E. coeff.), and minimum, maximum, and mean values are presented for the
dependent and independent variables.'

, Species 'or
equation

Variable S.E.
coeff.

Maximum
value

Minimum
value

Mean
value

White shrimp harvest = f (seasonal combined flow, effort):

(n = 27, P < 0.0001, R = 0.88, Adj. R2 = 73%, S.E.Est. = ± 136.295)

Hws = ~233.556 - 180.422 (In QND) + 174.333 (In QjF) + 83.5266 (In ~j) + 0.1314 (Ej )

l'!ws, 1415.0 241.8 737.5

InQND 62.3706 7.0137 4.7605 5.7277

InQjF 70.3643 6.9224 4.6191 5.7229

InQMJ 38.3592 7.9003 4.1043 6.1565

E· 0.0228 7208.4 1041.1 3748.0
1

---------------------.----------, ' ,

Brown shrimp harvest = f (seasonal combined flow, effort, temperature):

(n = 26, P < 0.0001, R = 0.95, Adj. R2 = 88%, S.E.Est. =,± 0.3372)

In Hbs = 5.9168 + 0.2126 (In ~j) + 0.000793 (Ei) - 0.0613 rtjF)

In H bs 7.3262 4.2062 5.8597

InQMJ 0.0736 7.2522 4.1043 6.0259 .

Ej 0.000058 4351:0 223.2 1829.8
..

T JF 0.0216 50.2 39.3 45.6

--------~----------------------

Blue crab harvest = f (seasonal combined flow, temperature):

(n = 24, P = 0.0001, R = 0.83, Adj. R2 = 62%, S.E. Est. = ± 0.4659)

InHbc = 14.4130 - 0.9076 (ln~) + 1.8840 (In QJA) - 1.1669 (In QsO) ~ 0.1182 (TjF)

In H bc 8.4713 5.6208 7.1977

InQMA 0.3188 6.7554 4.8767 5.7914

In~A 0.3185 6.3852 4.0570 5.5324

InQsO ' 0.2127 7.2007 4.6318 5.9907

TJF 0.0417 50.2 39.8 45.6

---------------------------------
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Table 6.8.3. (Concluded),

Species or.
equation

Variable S.E.
coeff.

Maximum
value

Minimum
value

Mean.
value

Bay oysrer harvest =f (seasonal combined flow, temperature):

(n =24, P < 0.0001, R =0.93, Adj. R2 = 83%. S.E. Est. =.:t: 0.3972)

In H bo = 38.1475 - 1.2008 (In Q"F) + 1.3544 (In~ - '1.0726 ,(In ~J) - 0.3407 <TJA)

InHbo 7.5690 ; 3.9871 5.6230

In Q"F 0.2799 6,.5734 4.9945 5.8355 .

In~ 0.2189 6.7554 4'.8767 5.7922

In~J 0.1648 7.3872 4.9126 6.3830

TJA 0.0569 8M 75.5 77.8

---,--------------~~----~~~~--~-

Black drum harvest = f (seasonal combined flow, temperature):' ,

(n = 26, P = 0.0024, R = 0.73, Adj. R2 = ~4911, S.E. Est.,,:t 27.1509)

1:Ibd =-947.813 + 58.9644 (In Q"F) - 52.1974 (In <4tA) + 60.5614 (In ~D) + 8.4824 <TSO)

H bd 131.0 0.4 40.5

In Q"F 20.2532 6.3704 5.0350 5.8390

InQMA 17.1459 6.5891 4.9925 5.7603

InQND 15.5307 6.6502 5.0670 5.8410

TSO 2.82n 73.4 64.2 , . 69.7

Red drum harvest =f (seasonal combined flow):

(n = 19, P = 0.0011, R = 0.76. Adj. R2 = 52%, S.E. Esr.= :t: 0.4206)

In H rd = 4.1138 - 1.2491 (In ~D) + 1.35n (In Q"A)

0.3583

0.2920

5.1885

6.6502

6.2800

. 3.1946

5.0670

4.3927

4.1952

5.9462

5.5307

-------------------'-----------''"'-

Spotted searrouc harvesc =f (seisonal combined flow):

(n = 19. P = 0.0003, R = 0.80. Adj. R2 = 60%, S.E. Est. = :t: 0.4687)

In H ss = 2.5900 - 1.3655 (In ~o> + 1.4753 (In ~J) '.

0.3054

0.2910
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Table 6.8.3. (Concluded)

Species or
equation

Variable' S.E.
coeff.

Maximuni
value

Minimum
value

Mean,
value"

H = commercial harvest of fishery species in thousands of pounds per year
In H = natural logarithm ofcommercial fishery harvest

Ei = inshore harvest effort in number of fishing trips per year' .

Q = bimonthly combined freshwater ,inflow i~ thousands ofacre-feet per year, '
In QJF = natural logarithm of combined inflow in JanWuy + February
In QMA = natural logarithm of combined inflow in March + April
In~J =natural logarithm of combined inflow in May + June
In QjA =naturallogat!thm ofcomb~ned~nflow !n July + August
In 056 =natural logarIthm of combined Inflow In September + October
In~D = natural logarithm of combined inflow in November + December

T = bimonthly average minimum air temperature (OF)
T JF = average minimum te!!'perature in January and February
T MA = average minimum temperature in March and April
T MJ = aver;:!ge !l'inimum temperature in May and June
T JA = average minimum temperature in July and August
T SO = average minimum temperature in September and Oerober
T NO = average minimum temperature in November and December
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value, mean (average) value, and standard error of each
regression coefficient in the resulting fishery equations are
also presented in the tables. .

To illustrate the performance of the equations in
predicting fishery harvests over the historical peripd, ob­
served harvests for each species can be 'plotted against the
predicted harvests for both the gaged inflow equations
(Figure 6.8.4) and the combined inflow equations (Figure
6.8.5). For each observation, the vettical distance from the
line of perfect fit is a measure of the case's residual (unex­
plained) variation. 'When considered together, the results
indicate that the regression models are adequate predictors
of past fisherY harvests in the Guadalupe Estuary.

can influence theamoUrit offish and shellfish harvested. In
general, solution~ to the harvesteqUations~~ ramer sensitive
to annual variations of fishing effort (where die data was
available). The solutions are much less sensitive to normal
variations in the seasonal average minimum tex:nperatures.
This does not mean that extreme temperature events, such as
the relatively rare freezing over ofthe bays during the passage
of strong Arctic fronts, cannot substantially affect fisheries
mortality, and subsequently the harvest Off;llost fisheries
species. The one exCeption may be the ~astem oyster, which
is considered to have evolved as a cold-water mollusk, and
seems to relate neg:ltivelyt~high temperatUres in the spring
and summer, rather.than cold temperatures,in the fall and
winter. \

6.9 CONCLUSIONS

Summary

The historical commercial harvests of seven coaStal
fishery species (red drum, black drum, spotted seatrout, blue
crab, bay oyster, andwhite and brown shrimp) were analyzed
as a function offishing effort, air temperature, and freshwa­
ter inflow to the Guadalupe Estuary using the "A.ll Possible.
Subsets Regression" statistical program BMDP-9R.
Interestuary comparisons ofspotted seatrout, blue crab, and
white shrimp harvest equations from the five major bay and
estuary systems between Galveston. and .Corpus Christi,
Texas, (Trinity-San Jacinto, Lavaca-Colorado, Guadalupe,
Mission~Aransas, and Nueces estuaries) show similarities,
unique differences, and competitive responses to freshwater
inflow among the coastal fishery species. For example,the
spotted seatrout and white shrimp exhibit several positive
correlations to springtime (MaY~June) inflows, while the
blue crab often relates negatively to higher inflows during
this season. The regression analyses produced 26 inshore
harvest equations. and three offshore harvest equations of'
statistical significance, which accounted for 44% to 90%
(average =69%) of the year-tO-year flucniations in seafood

. harvest. Furthermore, the harvest equations appear ad­
equate for freshwater inflow management purposes, particu­
larly ifthey are uSed together with salinity tolerance informa­
tion in a balanced approach that <!,oes not depend exclusively
on any one spec~es.

Larval transport. Evidence presented in Section 6.1
indicated that eggs and larvae ofestuarine organisms getting
into estuaries from the Gulfof Mexico do not appear to be

The purpose of these analyses was to investigate the usingasalinirygradienttolobteth~estuary.Therewaslirue
relationships between freshwater inflows ·to an estuary· and.. evidence ,that these organisms used mechanisms such as
its fishery production. The addition ofseasonal temperature swimming into areas with high landward currents or evading
and fishing effort (shrimp fishery only) to improve the areas with high seaward currents to improve their chances of
regressions shows that other variables not related to inflow moving into and remaining in the estuary. This study

In a furthe~ effort to investigate the effects offreshwa­
ter inflows, the offshore fisheries'harvests of brown shrimp­
and white shrimp in the designated federal fishing zones
were additionally analyzed. The analysis of brown shrimp
harvests from Zone 18 offshore of the Trinity-San Jacinto
Estuary, and the combined harvests from Zones 18 through
20 offshore bern-een Galveston and Corpus Christi, Texas,
producedstatisticallysignificant equations that explain 57%
and 55% of the respective harvest variations (Table 6.8.7).
Likewise, the white shrimp equation for Zone 18 accounts
for 53% ofhistorical harvest fluctuations (Table 6.8.7). The
predictive perform~nces of the offshore shrimp equations
are acceptable and are graphically depicted in Figure 6.8.9.

Seafood harvests· in other Texas bays and estuaries
were similarly analyzed by species. For example, statistically
significant spotted seatrout equations were additionally de­
veloped for the Trinity-San Jacinto, Lavaca-Colorado, Mis­
sion-Aransas, and Nueces estuaries, explaining from 64% to
90% ofthe year-to-year variations in'harvest (Table 6;8.4).
The predictive performances of the harvest equations from
all five ofthe major estuarinesystemsbetween Galveston and
Corpus Christi; Te~, are also shown in Figure 6.8.6 for .
comparison.

The regression analyses also ,produced statistically
significant equations for theharvest of blue crabs (Table
6.8.5) andwhite shrimp (Table 6.8.6) fromeach ofthe other
estuaries analyzed. The predictive performances of the
harVest eq~tions from all five of the estuaries analyzed are

. reasonable, as indicated respectively for these species by
figures 6.8.7 and 6.8.8, and they explain 48% to 82% ofthe
year-to-year harvest fluctuations in these inshore areas.
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Table 6.8.4. Equations with statistics fot spotted seauout harvest from four bays along the Tens Coast relating flShel}' harvests to
combined fteshwater inflows from all contributing river and coastal drainage basins. See table footnote for definitions ofvariables.
The number of rears of data (n), significance level (P). correlation coefficienr (R). adjusted R2. and standard error of the estimate
(S.E. Est.) are given for each equation; the standard error of the coefficient (S.E.-coeff.). and minimum. maximum. and mean values

, are presented for the dependent and independent variables. .

Estual}' or
equation

Variable S.E.
coeff.

Maximum
value

Minimum
value

Mean
value

T rinil}'-San Jacinto Estual}' spotted seatrout harvesr =f (seasonal combined flow): .
(n = 18. P = 0.0002, R = 0.83. Adj. R2 = 64%. S.E. Est. = % 0.3272)

In Hss = 4.9615 + 1.3774 (In ONo) - 1.3114 (In QJF)

In Hss
InONo
In~F

0.2514
0.2621

5.8412
7.9716
8.0534

4.0200
6.4218 .
6.7451

5.0464
7.1361
7.4302

---_._----------------~---------

Lavaca-Colorado Estual}' spotted seatrout harvest = f (seasonal combined flow):
(n = 18. P < 0.0001, R = 0.92. Adj. R2 = 80%, S.E. Est. = %0.2771)

In Hss = 8.8568 - 0.8683 (In ONo) - 0.5370 (In C4!A) + 0.6047 (In ~J) .

. ,

In Hss 5.6157 3.4243 4.5832
InQNO 0.1178 6.7751 4.7519 5.9142
In C4!A 0.1791 6.8005 4.6625 ' 5.9225

In <411 0.1751 7.3698 5.0179 6.6851
'"

Mission-Aransas Estual}' spotted seatrout harvest =f (seasonal combined flow):
, (n = 19, P = 0.0001. R = 0.90. Adj. R2= 75%, S.E. Est; = %,0.2618)

In Hss =6.8626 + 0.0948 (In QsO) + 0.2173 (In ~D) - 0.1668 (In ~F) - 0.6708 (In QJA)

In Hss 5.8880 3.71.11 5:0861
InQsO 0.0423 6.3269 1.7750 4.7977
InQNO 0.0700 4.7423 1.6094, 3.2243
In~F 0.0694 4.4462 0.8329 3.0266
InQjA 0.0991 4.9822 2.6462 3.6179

Nueces Estual}' spotted seatrour harvest = f (seasonal combined flow): . . '
. ' (n = 20. P = < 0.0001, R = 0.96, Adj. R2 = 90%. S.E. Est: =% 0.3017),

4.0682'
5.1561
3.3788
3.0792
4.6263

5.2591
6.7049
4.5570
4.8024
5.3904

0.0963
0.1276
0.1153
0.1285

In Hss
InQsO
In~F
InQMA
In~J

In Hss = 1.6865 + 0.3863 (In QsO) - 1.1369 (In Q,F) + 0.6850 (In C4!A) + 0.4586 (In ~J)
'. "':

2.4849
2.2925
1.7048
1.8871
2.0412

H = commercial harvest of flShel}' species in thousands of
pounds per year

In H = natural logarithm of commercial fishel}' harvest

'Ei =inshore harvest effort in number of fIShing trips per year

Q = bimonthly gaged freshwarer inflow in rbousands of acre-feet
per year

•In Q]F = naturallogarirbm of gaged inflow in Janual}' +
.... Febfual}'

In~ =naturallogarirbrn of gaged inflow in March + April
In~J = naturallogarirbm of gaged inflow in May + June
In 9JA = naturallogarirbm of gaged inflow in July + August
In QSo = natural logarithm of gaged inflow in September +

Oerober
In ONo = natural logarithm of gaged inflow in November +

December

T =bimonthly average minimum.air temperature (OF) ,
= average minimum temperature in Janual}' and

Febfual}''.
= average minimum temperature in March and

April ,', ' ,
= average minimum remperature in May and June
= average minimum temperature in July and
, August '
=average minimum temperature in September

and October, .. ,
= average minimum remperature in November'

and December
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Table 6.8.5. Equations with statistics for blue crab harvest from four bays along the Texas Coast relating fIShery harvests to seasonal
combined freshwater inflows from all contributing river and coastal drainage basins. See table footnote for definitions'ofvariables.
The number ofyears of data (n), significance level (P), correlation coefficient (R), adjusted R2, and standard erro'r of the estimate
(S.E. Est.) are given for each equation; the standard error of the coefficient (S.£. coeff.), and minimum, maxim!UJl' and mean values
are presented for the dependent and independent variables.

Estuary or
equation

Variable S.E.
coeff.

Maximum
value

Minimum
. value

Mean
value

Triniry-San Jacinto Estuary blue crab harvest =f (seasonal combined flow): .

(n =24, P =0.0006, R =0.75, Adj. R2 =50%, S.E. Est. = ~ 0.2028)

In H bc =4.3837 + 0.3717 (ln~) - 0.2605 (In QjA) + 0.2786 (In ~O)

In Hbc 8.0124 6.8850 7:4578

ln~ 0.0878 8.3040 6.2214 7.4825

InQjA 0.0816 7.8538 5.3404 6.6781

InQNO 0.0774 8.4117 6.1970 7.2968

-------------------------------"
Lavaca-Colorado Estuary blue crab harvest =(seasonal combined flow, tem~rature):.

(n =25, P =0.0001, R =0:86, Adj. R2 =67%, S.E. Est, =~ 0.29p8) .

In H bc =-~.2196." 0.2403 (In~ - 0.2916 (In ~j) + 0.6586 (In QjA) + 0.1215 <Tw.): 0.0784 <TSO~.

In H bc 7.6043 5.4201 6.6440

In~ 0.0959 6.9612 4.4931 5.8279

In~j 0.1121 7.4461 4.8590 6.5631

In~A 0.1453 6.3059 4.8211 5.6189

T MA 0.0239 64.5 50.0 59.4

T SO 0.0296 73.4 64.2 69.7

------------------------~----~~~

Mission-Aransas Estuary blue crab harvest = f (seasonal combined flow, temperature):

(n =26, P < 0.0001, R =0.93, Adj. R2 =82%, S.E. Est. =~ 0.5835)

In H bc =-8.8574 + 0.5386 (In ~F) - 0.2829 (In ~j) + 0.3834 (In QsO) + 0.6079. (In 9No) + 0.2666 (T$0) - 0.1327<TNO)
, ~. , ',- .' .

In H bc 7.9070 2.9601 6.6390

InQJF 0."1044 4.7140 . 0.1823 3.1562

InQMJ 0.1294 6.0144 1.9021 4.4792

InQsO 0.0894 6.6209 1.6094 4.5628

InQND' 0.1223 4.8652 1.6292 3.2569

T SO 0.0602 71.9 64.6 68.4

T NO 0.0455 58.0 47.3 52.0

-------------------------------I .:
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Table 6.~.5. ,(concluded)

"'-_.. ,

, Estuary or
equation

Variable S.E. i"

coeff.
Maximum

value
MiniolUm

value
Mean
value

Nueces Esruary blue crab ~est = f (seasonal combined flow~ temperature):

(n = 21. P = 0.0020, R = 0.88. Adj. R2 = 66%. S.E. Est.,= % 0.6524)

In H bc = -7.8143 + 0.5423 (In QJF)'~ 0.5287 (In~) - 0.6442 (i~:'OMJ) + 0.5502 (In ~O) -'0;2451 (TJF) + 0.2595 (TMA)

+ 0.1763 (TNO)

In Hbc 6.7767 2.0412 4.4490

InQJF 0.2328 4.9016 1.8563 3.1804

In~ 0.2062 5.0304 1.8871 2.9310

In <4iJ 0.1814 6.08'11 2.1400 4.7249

In~O 0.1477 5.2893 1.3610 3.3571

TJF 0.0697 51.1 41.1 46.4

TMA 0.0706 64.2 55.4 59.8

TNO 0.0606 56.5 47.3 51.9

H = commercial harvest of fishery s~ies in thousands of pounds per year
In H = natural logarithm of commer~ialfishery harvest

Ei = insho~e harvest effort in n~ber of fishing trips per rear
Q = bimonthly gaged freshwarer inflow in thousands of acre~feet per year .'

In QJF = narurallogarithm of gaged inflow in January + February
In QMA, = narurallogarithm of gaged inflow in March + April

.·"In OM]' ,= natural logarithm of gaged inflow in May + June
In QJA = narurallogarithm of gaged inflow in July + August .
In QSo = natural logarithm of gaged intJow in September t October

'In~O = narurallogarithm of gaged inflow iri November + December

T = bimonthly average minimum air tem'perarure (OF)
T 1F = average minimum temperature in January and February
TMA ,= average minim~m temperature in March ,and April
T MJ . = average minimUm temperature in May and June
T 1A = average minimum temperature in July and August
T SO ..= average minimum temperature in September and October
TNO ' = average minimum temperature in November and December
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I
Table 6.8.6 Equations with statistics fot white shrimp harvest from 4 bays along the Texas Coast telating fishery harvests to co~binedfreshwater
inflows from all conttib~ting river and coastal drainage basins. 5ee table footnote fot definitions ofvariables. The number ofye:!J'S ofdata (0),
significance level (P), correlation coefficient (R), adjUsted R2, and'standaia error of the estimate (5.E. Est.ran; given for each equation; the
standard etJ,'Or of the coefficient (5.E; Codf.), and minimum, maximum, and mean values are presented for the dependent and independ~nt

variables.:, . '

Estuary or
equation

Variable S.E.
Coeff. '

Maximum
value

Minimum
value

Mean
value

Trinity-San Jacinto Estuary white shrimp harvest = f (seasonal combined flow, temperature):
. . ,(n =27, P =.0001, R = 0.87, Adj. R2 = 67%,' 5.E. Est. =:i: 583.551)

2857.0
7.3243
7.2652
6.7078
71.7
54.7
48.3
79.0

982.0
4.9001
5.7242
5.3073
67.3
48.6
43.4
n.l

~s = -54267.4 - 487.560 (In QJF) + 907.769' (In~) -486.397 (In ~A) + 302.409 (TSO) - 115.176 (TNO) + In.249 (TJF)
+ 423.25'; (TJA)

~ 4700.7
10 QJF 173.422 8.5526
In~ 224.066 8.6nl '
In Q,JA 164.229 8.1936
TSO n.825 74.0
T NO 46.310 61:1
T1F 47.n8 53.0
TjA 122.3n 80.7

, ,----------------------------------
Lavaca-Colorado Estuary white shrimp harvest = f (seasonal combined flow, efton, temperature):

. . .,(n= 27, P:':: 0.0001, R = 0.92, Adj. R2 = 81%, 5.E. Est. =:i: 0.1837)

In~ = 5.7174 - 0.1267 (In QsO) + 0.1123 (In <4fJ) + .00014 (Ej) + ?:0172 (TJF)

In~ 8.1881
In Qso 0.0434 7.5784-
In <4fJ 0.0366 7.7039
Ej OO15סס.0 12693.1

TJF 0.0134 50.2 39.3

6.8249
. 4.4474"

4.2767
. 4313:7
45.7

7.5080
6.2428
6.3515
7667.1

-----------------.----~-';.~--~~--.~---
Mission-Aransas Estuary white shrimp harvest = f (seasonal combined flow, dfon, te~perature):

(n = 27, P < 0.0001, R = 0.88, Adj. R:';' 73%~ 5.E.. Est: =:i: 0.3M.5)

In~ = 8.3808 + 0.1175 (In QsO) + 0.1073 (ln~) + 0.000208 (Ei) - 0.0651 ,(TNO)

" . ~

In~ 7.4873 ' . 5.5211 " 6.5615
InQsO 0.0340 7.2890 " 1.0647 4.2313
In~ 0.0497 '4.6260 '0.5878 . 2.4141 .
E· OO31סס.0 8731.0 "i 132.8' 3820.4 .

1
T NO 0.0239 ' 58.0 . 47.3 ' 51.7

--------------------------~----~---

4.4018
1.3083
1.8406
69.3

Nueces Estuary white shrimp harvest = f (seasonal combined flow, temperatute):
(n = 26, P = 0.0006, R =0.74, Adj.R2 =48%, 5.E. Est. = :i: 0.4349)

In~ = 24.7974 + 0.1640 (In ~o> + 0.1962 (In <4fJ) - 0.2837 (TMJ)

In~ 6.8874
In~O 0.0691 5.9623
In <4fJ 0.0592 6.5822
T MJ 0.0831 73.6

5.8148
3.0304
4.1303
71.5

H = commercial harvest of fishery species in thousands ofpounds per year
In H = natural logarithm ofcommetcial ftshery harvest

InQso = natural logarithm ofgaged inflow in September + October
In QNo = natLirallogarithm ofgaged inflow in Novembet + December .

E = inshore harvest effort in number of ftshing trips per year

Q = bimonthly gaged freshwater inflow in thousands ofacre-feet per year
In QJF = natLirallogarithm ofgaged inflow in January + February
In QMA = natLirallogarithm ofgaged inflow in March + April
In QMJ • natLirallogarithm of gaged inflow in May + June
In QJA = natLirallogarithm of gaged inflow in July + August

T = bimonthly avenge minimum air temperature (OF)
TJF = average minimum temperature in January and February
TMA = avenge minimum temperarure in March and April
TMJ = avenge minimum temperature in May and June
TJA = avenge minimum temperature in July and August
TSO = average minimum temperature in September and October
TNO = avenge minimum temperature in November and December

210



100 +--..........................,-......__......'l"'rTO+-
100 1000 10000

Observed harvest (1000 Ibs)

..
.'"..'

•.

.Mi.~ion-Aransas

100

10 ~.......,....,.,"'"'_........................"""T".....,,,J...

10 100 1000 10000
Observed harvest (1000 Ibs)

:::. 1000

~10000 .,&- .......
(I)

::!2
o
8

.' ...
Trinity-San Jacinto

us
~ 1000
III
~

-g
U
'5e
Cl.

~ 10000 +-__..................w'--..........................*
~
g
o
:::.

100 +-............................,-...................'l"'rTO+-
100 1000. 10000

Observed harvest (1000 Ibs)

~ 10000 +-..--...........................t._...........................,~

~ Lavaca-Colorado
'0

o
o
:::.

..
.'.:. .'...

NuE!Ces

. 10 100 1000
Observed harvest (1000 Ibs)

1+-......................-..............-.-........-.............1­
1

~1000

og....
~ 100
US
Ql

2
III
~,

"C 10
Q)

u
¥
Cl.

#t

..a•••••
i"- 1000
III
~

"C

~
'5e
Cl.

Guadalupe

100 ~-..-................,r--....,..........................~
100 1000 10000

Observed harvest (1000 Ibs)

~ 10000

~
o
o
o....
~

Figure 6.8.7. Predicted versus observed harvestS of blue crab as a function of combined freshwatednflows to each of five Texas estuaries.

211



. ...
Mission-Aransas

.... ,
• •.

100 +--'O-'...................- .......~_..........
100 1000 ooסס1

Observed harvest (1000 Ibs)

~·10ci00 i---........................&.__......:........"'""'l~

Ul
:f!

8
o
::::::..

1000

100 -f-.........................'"r"-_............r+
100' 1000 ooסס1

Observed harvest (1000 Ibs) .

ooסס1~ i---'_..................._.o.-......~""'*

~ Trinity-San Jacinto

8
o....
~

. ..
0·. a.- ._ a.
: -

..

. Nueces

10 +--......................,--.--.-................
10.. 100 . 1000

Observed harvest (1000 Ibs)

~ 1000 -j--_.........,.........'--.............~......*
Ul
:f!

8
::::::..

Lavaca-Colorado
ooסס01

:f!

8
::::::..
7ii
~ 1000
as
.t:
"C

~
:a
~

Q.. •. 100 +--..-.................,.--.......-.-..................
100 ' 1000 ooסס1

Observed harvest (1000 Ibs)

ooסס01 -j-__.................L-.........................."*
:f! Guadalupe
o
8....

100 +---........................,.-.........................t
100 1000 ooסס1

Observed harvest (1000 Ibs)

Figure 6.8.8. Predicted versus observed harvests ofwhite shrimp as a function of combined freshwater inflows [0 each of five Texas estuaries.

212



Table 6.8.7. Equations with statistics fot offshore shrimp harvest relating fIShery harvests toseason;alcotJ1bined freshWater inflows
from all contributing river and coastal drainage basins. See table footnote for definitions ofvariablb.. The number ofyears of data
(n), significance level (P), correlation coefficient (R), adjusted R2, and standard enor of the estimate (5.E." Est.) are given for each
equation; the standard error of the coefficient (5.E. coeff.), and minimum, maximum, and mean values are presented for the
dependent and independent variables.

Estuary or
equation

Variable S.E.
coeff.

Maximum
value

Minimum
value

Mean
value

Zone 18-19-20 offshore brown shrimp harvest =f(seasonal combined flow, effort):
(n =27,. P =0.0001, R =0.80, Adj. R2 =57%, S.E. Est. =:I: 0.1854)"

In Hbs =18.6497 - 0.1'618 (In ~O) - 0.3237 (In <4iA) + 0.2432 (In <4iJ) + 0.0000229 (Eo)

In Hbs 17.9549 16.8220
In~O 0.05'34 8.8887 6.1823
In<4iA 0.0659 8.9315 6.1711
In <4fJ 0.0628 9.3118 6.1319
Eo. oo86סס0.0 27946.0 9233.0

Zone 18 offshore brown shrimp harvest = f (seasonal combined flow): .
(n =26, P < 0.0001, R =0.77, Adj. R2 =55%, S.E. Est. =:I: 0.3237)

"In Hbs =16.4879 + 0.2638 (In QsO) - 0.3454 (In <4iA)

17.3242
7.5968

"7.5873
8,1631
16353.5

In Hbs
InQsO
In<4iA

0.0760
0.0802

16.6913
8.3481
8.6771

14.9101
4.8426
5.7242

15.7702
6.7966
7.2687

Zone 18 offshore white shrimp harvest =f (seasonal combined flow, effort, temperarure): '
(n =26, p' =0.0017, R =O.~O, Adj. R2 =53%, S.E. Est. =:I: 705.128)

H ws = -75189.3 - 607.299 (In Q,JF) + 652.126 (In <4iA) + 586.796 (In QJA) + 0.3281,(Eo> .j. 335.i08 (fMA) + 66"1.112 (fJA)

215.097
245.292
200.457
0.1073
80.501
164.512

4894.5
8.5626
8.6771
8.1936
8149.2
64.5
80.7

1372.6
4.9001
5.7242
5.3073
2159.0
58.0 .
77.2

3175.3
7.3894
7.3346
6.7231
4589.4
60.6
79.1

H =commercial harvest of fishery species in thousands of pounds per year
In H = natural logarithm of commercial flShery"harvest

Eo=offsliore harvest effort in number of fIShing trips per year

"Q = bimonthly combined freshwater inflow in thousands of acre-feet per year
In QJF = narurallogarithm of combined inflow in January + February
In QMA := narurallogarithm of combined inflow in March + April

" In <4fJ = narurallogarithm of combined inflow in May + June
In Q,JA = narurallogarithm of combined inflow in July + August
In QSo = narurallogarithm of combined inflow in September + October
In~O = narurallogarithm of combined inflow in November + December

T =bimonthly average minimum air temperaru~e (OF)
T TF = average minimup! temperarure in January and February
T MA = average minimum temperature in March and April
TMJ = average minimum temperarure in May and June
T TA = average minimum tetnperarure in July and August
T SO = average minimum temperature in September and October
T NO = average minimum temperature in November and December
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Section 6.2 compared the results ofseveral field and labo­
.ratory studies and found that higher densities of juvenile
.shellfish animals occurred in areas that had salinities slightly
below those considered optimal for growth and survival.
Blue crabs·were most abundant in trawl catches when mean
salinities ranged from 6 to 150/00, ~ut in laboratory studies
they grew fastest when salinities ranged from 10 to 200/00
(Leffler 1972).

Available information on oysters indicated they grow
best when temperatures ranged from20 to 30°C (68 to 86
OF) and salinities range from 10 to 30%0. In the Guadalupe
Estuary, the largest reefs are found in waters where salinities
commonly range from 10 to 250/00. Spat set seems to be
favored by warmer waters (27 to 32°C or 31 t~ 90 OF) and
intermediate salinities (10 to 280/00). There is some evi­
dence that salinity may affect whether spat settles subtidally .
(less than 200/00) or intenidally {greater than 20%0).

Section 6.2 also reponed evidence that for some
species, preferences or tolerances ofdifferent salinity condi­
tions change with size or maturity. Small white shrimp less
than 50 mm TI caught in bag seines showed no preference
for a specific salinity range. However, larger white shrimp
caught in bag seines showed a significantly higher catch rate
for samples taken from areas having salinities less than 24 to.
26%0.· Larger trawl-caught white shrimp had higher catch
rates from areas with salinities less thaxi 150/00. Brown
shrimp less than 50 mm TI were most abundant when
mean salinities ranged from 24 to 36%0. There was no clear
trend between density and salinity for larger brown shrimp
(51 to 100 mm TI) caught near shore in bag seines,
indicating that the shrimp became more widely distributed.
However, larger brown shrimp caught in tra~ls were most
abundant in salinities ranging from 10 to 250/00.

.Habitatuse. Studies reviewed in Section 6.3 showed
that many species move into inundated marsh. areas and
probably feed directly on detritus, benthi~ sp~cies, and

. epiphytes.. This means that estuarine organisms actively
transport nutrients out ofthe marsh duringany hIgh-water
event and are n~t to~ally dependent ~n major floods t~ flush
materials out ofthe marsh for them to use. The studies also
corroborated findings from Section 6.2 that manyestuarine
species are most abundant in ar~ nearer the lower to
middle range of their salinity· tolerances. In addition,
juvenile brown and white shrimp and several other animals
had higher abundances in vegetated areas (emergent and

.. submerged) compared with unvegetated areas.
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indicated that tidal currents,on-shore winds, and tide type
(spring or neap) were mainly responsible for transport of
planktonic organisms into the estuaries. This would explain
why many estuarine organisms spawned in the Gulf are
found in all Texas estuaries regardless ofthe widely differing
salinity conditions found in each (Mambretti et al. 1990).
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Figure 6.8.9. Predicted versus observed harvests of brown and white
shrimp in fedeial fishing zone 18 and combined zones 18, 19, and 20 as a
funerion ofcombined freshwater inflows to the associated Texas bays and
estuaries.

Effects offreshwater inj1Dws on juvenile fish and
shellfish. Many estuarine organisms live under slightly
stressed conditions to take advantage of nutrients supplied
by freshwater inflows or to escape predators and disease.

Salinity 4fects on metabolism. Section 6.4 summa­
rized the results of several physiological studies that mea­
sured the metabolic scope (i.e., the difference between
.resting and maximum sustained swimming speed). for sev-
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eral fish species to determine optimum salinities for efficient
metabolism. The results of these studies showed that
juvenile (fingerling) fish were generally more euryhaline
than adult fish and consequendy had a higher proportion of
their energyavailable for growth: Adultsportedseatrout and
red drum have max:imum metabolic scopes around 200/00,
with a shift to 250/00 in colder temperatures. Maximum
swimmingspeeds for these two species also occurred at these
optimum salinities. Several other species (e.g., sheepshead,
black drum, sand seatrout, and Adanticcroaker) also had
optimum swimming speeds at salinities of less than 300/00

. when the temperature was 28 DC.

Salinity effects on reproduction. Section 6.5 pre,
sented results of reproductive investigations for Adantic
croake~, red drum, and spottedseatrout. These three species
spawn in different areas: spotted seatrout spawn in' the
estuary, red drum spawn near Gulf passes, and Adantic
croaker spawn farther offshore. Estuarine salinities affect all
reproductive stages of these three species because the sub­
adult or adult life stages occur in the estuary and their eggs
or hU"vae appear in the estuaries just a few days after spawn­
ing.

Salinity levels may influence the gonadal develop-.
ment and endocrine functions ofestuarine fish, as shown by
studies of spotted seatrout and Adantic croaker.Seatrout,
which spawn in the estuary, were more sensitive in this
regard than croaker, which spawn offihore. Seatrout go­
nadal development was best at 350/00 and was suppressed
in~re bysalinities ofless than 200/00 than bysalinities ofmore
than 450/00.

Egg fertilization and survival through hatching was
high for all three species in the salinity range 25 to 350/00.
These conditions are usually met since these species either
spawning in the Gulf (red drum and Adantic croaker) or in
the lagunal ornear-Gulfareas ofestuarieswhere salinities are
generally near 300/00. Of these, spotted seatrout would
probably encounter the most problems since they spawn in
the estuary. The high variability in estuarine salinities may
account for the protracted multiple spawning behavior
evolving in this species. It may also account for spotted

- seatrout having high survival rates from spawning to hatch­
ing over a wide salinity range (10 to 350/00).

Spottedseatrout larvae had thewidest salinity range in
which substantial larval survival was maintained for up to
nine days. The survival range was narrower for red dtum and
even more restricted for Adantic croaker. All three species
showed differences in daily tolerance limits associated with
development age. The basic conclusion ftom these studies
is that as long as salinities in a portion of the estuary are
between 15 and 350/00, there should not be any major

adverse effects onany aspect of the. reproduction of these
species.

Effects ofinflow andsalinity on adultJish andshell,
fish abundance. Evidence ftom the. literature presentedin
Section 6.6 showed that adult or subadult finfish living in
estuaries are not generally sensitive to ·salinity. concentra-

, tions or inflows. Adult brown shrimp are not affected by
inflows since they are not found in the estuaries as adults;
they move to the Gulfas subadultsprior to.spawning. 'Adult
wh,te shrimp apparendymoveinand outofthe estuary, and
as adults, can move to the Gulf if conditions become
unbearable. The literature reports a wide salinity tolerance
range for many adult species (5 to more than 450/00). Most
fish can move relatively large, distances,. and if adverse
conditions petsist,theycan move to areas where conditiori~
are more favorable. ObvioUsly, less mobile organisms must
deal.with-adverse conditions when theyoccur; adult oysters
and other pelecypods are prime examples. Ifadverse condi­
.tions persist for too long, the organisms will be stressed and
eventually die.

Abundance of fish and shellfish among es.tuaries.
Section 6.7 compared themean catch rates from gill'net and .
otter trawl samples among seven estuaries and investigated
the significance ofregressions betWeen mean catch rates and
mean salinities among the estuaries. No significant rela­
tionships were found for species caught with gill nets, but
several species caught with trawls did show significant
relationships. Both· of these gear types caught southern
flounder and Gulfmenhaden, but showed different results.
Since the gear types selected different size classes (and
probably different age groups), the different results may
indicate that salinity effects on abundance depend on the
life stage or age in the two species.

Based on trawl samples, white shrimp and juvenile
Gulf menhaden had highest mean catch rates in estuaries
with mean salinities ofless than 200/00. Blue crab catch rates
were highest in estuaries having mean salinities ofless than
220/00, with the exception ofthe lower Laguna Madre which
also had a high catch rate and a mean bottom salinity of
33.50/00. Speculation about the reason blue crabs do well in
the lower Laguna Madre included the possible use of low­
salinity areas in the Arroyo Colorado for mating and
overcounting due to mistaken identification with the lesser
blue crab. Brownshrimp had higher catch rates when mean
salinities were between 17 and 300/00. Adantic croaker had
higher catch·rates from estuaries that had salinities between
20 and 300/00. Juvenile southern flounder had the highest
catch rates in the Mission-Aransas with a mean salinity of
about 210/00.

Effectsofinflow on the haM/estoffish andshellfish. In
Section 6.8, significant regressions were reported between
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inflows, atvarious times oftheyear, and commercial harvests
ofblue crab, oysters, white shrimp, brown shrimp, red drum,
black drum, and spotted seatrout. For each estuary, a set of
independent equations were reported for each species, ex­
cept in a few instances where there were no significant
equations or where there were problems with the data.
Shellfish regressions showed that lagginginflows bya two- to
ten-month period prior to the time the organism was actu­
ally in the estuary generally produced equations with the
highest R2 values. The fish equatioris required a running
mean inflowbased on the threeyears prior to the harvest, and

. oysters'and crabs required a running mean based on the
inflow during the year of harvest and one year prior to the
harvest. The long antecedent period for fish indicates that
young fish are more sensitive to inflow quantities than older
animals. Another indication that inflow relationships for
fish are more complicated than for shellfish is that R2 values
for the fish equations were generally lower than for shellfish.

These equations are empirical, and causal relation­
ships can only be inferred. The form of these equations
makes sense, however, considering what is known about the
different life history and distribution for each species within
the estuary. Section 6.8 also pointed oui that development
of equations based' on fishery-independent data would be
highly desirable because it would remove the commercial
and regulatory bias from the data.

Fitud conclusions. Evidence from the literature and
new studies presented in this chapter indicate that of the
economically important species considered, populations of

white shrimp, oysters; and blue crabs would most likely
declinewith reductions in freshwater inflows. Brown shrimp
densities would probably decline ifsalinities in large areas of
any estuary were consistendy maintained at more than
300/00.. Ifmean salinities were less than 200/00, brown shrimp
densities would probably increase with increases in salinity
up to 250/00..

Any changes in marine or estuarine finfish living in
estuaries will probably be complicated by indirect effects
(i.e., changing their habitat or food base) and lagged (caused
by their relatively long life span). There is some evidence
that juvenile Gulfmenhaden and southern flounder may be
affected by increased salinity. A negative linear regresSion
was found between mean Gulf menhaden trawl catch rates
and mean estuarine salinity. The highest mean catch rates
for southern flounder caught in trawls were from estuaries
having mean salinities between 17 and 220/00. Lower,'mean
catch rates were associated with 'estuaries having mean
salinities above or below this range.

Information presented he~e indicates juvenile animals
with limited mobility are generally most affected by changeS
in freshwater inflows. Most of the larger and more mobile
animals studied in'this chapter tolerate a wide. range of
salinities including seawater (about 35%0)' Animals that
have invaded estuaries and maintain higher densities in low. .

salinity areas are probably gaining an advantage by more
easily obtaining food and finding protection from predators,
parasites, and impairing disease organisms.
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CHAPTER 7: AN ECOLOGICALLY
SOUND ENVIRONMENT FOR THE

GUADALUPE ESTUARY

7.0 INTRODUCI10N

This chapter provides a detailed description of an
ecologicallysound Guadalupe Estuary in terms ofthesalinity
regimes and nutrient and sediment loads needed for the
ecological processes that maintain the plant and animal
populations characteristic of the system. This information
is used inChapter8 to estimateannual and seasonal freshwater
inflow needs for the Guadalupe Estuary. Previous sections
ofthis reporthave extracted information from manydifferent
sources to investigate relationships betweeri freshwater inflows
and abiotic or biotic parameters in estuaries. This chapter
arid Chapter 8 'focus specifically on the GuadaluJ>e Estuary.

Inflow and salinity regimes. 'Section 7.1 p~ovides a
description of the estuary, naming the bays, providing
volumes, depths, sources of freshwater inflows, areas of
upstream drainage basins, and reservoirs that already exist in
the drainage system. It also provides a description of
monthly and annual inflow quantities tha,t have occurred
during the period ofrecord. Simple statistics are provided to'
summarize thepartern ofinflows includingthemean, median,
and percentiles. Results ofa trend analysis are also included
to demonstrate inflow patterns during the period ofrecord.
The section concludes with a description of the salinity
regimes and gradients that occur within the estuary.

Water q~tJ profile. Section 7.2 pr~vides' general
information on nutrient,concentrations (e.g., total nitrate,
phosphorus, and carbon) in different areas of the bay, and
trendanalyses for sderal nutrients. The'section also discusses
relationships between freshwater inflow quantities and
Changes in nutrient concentrations in different pans of the
estuary.

Nutrient budga. Se,etion 7.3 sYnth~izes a nutrient
budget for the Guadalupe Est~ty using t~tal nitrogen. The
budgetwas prepared bysystematicallyidentifying the sources,
si~, and losses of nutrients, and the, relative importance
each has to the whole system.. It also serveS as acheck on the
understa~dingofnutrienttransfer within ,the system since
large imbalances in this budgetw~Uld iitdIcate thatsignificant
eOmp~>nents had,been missed. '

An estimated minimum nitrogen load constraint.
Section 7.4 estimates the minimum annual fr~hwaterinflow
required to providean annual nitrogen load to the Guadalupe
Estuary that offsets losses from the system. The constraint
was developed using information in seCtions 7.2and 7.3. It
assumes that if sufficient n~trogen, is provided, adequate
quantities of other nutriez:tts li~e phosphoruS and 9rganic
carbon will also, be supplied.,

,Sediment load requir'ements. Sectio~ 7.5 ~timates
the minimum annual freshwater inflow required to provide
sufficient sediments for maintaining bathymetry in the
Mission Lake area of the upper portion of the GUadalupe
Estuary. This minimum sedi,ment require~ent will provide
for some marsh development to offset marsh losses due to
subsidence or sea le,v~l rise. Thi~ section begins by
summarizing the recent geologic.s~di~ent history for the
Guadalupe EStuary and describes ri~er-bor~e sediments and
how they have built the Guadalupe Delta. It also briefly
discusseshowsedim~ntsinfluenced Mission Lake, Guadalupe
Bay, and the upper portion ofSan Ailt<:mio Bay.

the biota. ~ection 7.6 summarizes the knowledge
about the plant and animal populations comprising the
communities in the G¥dalupe Estuary by reviewing
published scientific articles and presenting an inventory of
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estuarine plants and animals. The section provides a
description of different plant communities, benthic
populations, andfinfish andshellfish populations that inhabit
different areas within the Guadalupe Estuary. When
information was available, the rdative abundance for each
animal species was estimated by calculating the mean catch
rates and frequency of occurrence in different monitoring
gear. The section also discusses the relationship between
relative abundance and freshwater inflows or salinity for
selectedanimal specieswhich areecologicallyoreconomically
im'portant to the Guadalupe Estuary.

7.1 INFLOW AND SALINITY PAlTERNS IN THE
GUADALUPE ESTUARY,

Introduction

Inflow and salinity patterns in the Guadalupe Estuary
, described in'this section complement the broad cOmparative,
descriptions of inflow and salinity presented in Section 4:1
for the 'Guadalupe and 'five other Texas estI.iiries: The
hydrological database used in the descriptions and analyses
covers the period 1'941 to 1987. Monthly combined inflows
for this period are p'resented in Table 7.1.J. ThiS is the moSt,
receilt (September 10, 1992) update ofthe combined inflow
data for the Guadalupe Estuary. Fisheryequations preSented,
in Section 6.8 and salinityequations presented in Section 8.2
were based' on an earlier iilterim data set. The Salinity
database covers the period 1968 to 1987. '

Inflow~, to the Estuary , '

, EstuaryandbasindeScription. TheGiladalupe Estuafy
lies on the central gulfco~t of Texas and c;)vers 551knl2

(213 mi2) at mean low water (Diener 1975). its\'olWJ1~'at

mean lowwater is roughly 787 million m3 (638,000 acre-ft),
and its average depth is 1.4 rri (4.7 ft).' '

. " I:

The estuary consiSts ofa series ofinterconnected bays
including San Antonio Bay, Mesquite Bay, Espiritu Santo'
Bay, Mission Lake, Guadalupe Bay, Hynes ~ay; and Ayres
Bay (Figure 7.1.1). SanJ\ntonio Bayis bisected northeast by
southwCst by the IntraCoastal Waterwaywlllch varies iri
depth from 3.7 to 4.5 m (12 to 15 ft) widl a ix>ttomWidth
of about 3tU m (125 ft) (TDWR 1980). The Guadalupe
Estuary exchanges waterwith the La:va~-ColOradoEstUary
via Saluria Bayou and Espiritu Santo Bay to the northeast~

To the southwest, water exchange occurs With the' Mission~
Aransas Estuary via Mesquite Bay and with the Gulf of
Mexico via Cedar' Bayou. Although CecIar Bayou leads
directly to theGulfofMexico, it is often dosed and gener.llly

accountS fo~ only 'a~~all ,excilange volwne.",

\
PIissCavalJo

, GuW of Mexico

~
'_N-

\
Figure 7,1.1. Guadalupe.Estuary.

, Th~' San An;opio Riv~r and the G~daIupe River
contribute the largestvolumes offresh water to the GuadaluPe
ES~. Under n~rmal~ondition~,inflows from these rivers'
enter through'G~d:ilupe Bay and Mission Lake. -DUring
major,floOc:i events, however,fl06d waters in~date the'
entire ddta and'~ni:erthrough Hynes Bay' as well. Th'ese
flOods ~ccelenlte trarisport ofSediments, nutti~nts,:ahd fresh
water' irit;;Sari Antonio Bay. .- ", " ' ",,"

,.. :; '. . .. .~ : ."

-': '1ne~~tala;nttiblitingdrainage areaforthe Gt.ia~upe
E:sruaty covers 26,736.3 krn.2 (10;322.9 mi2). It includes
two major river basins, the San Antonio and Guadalupe river
basins; and portions of tWo smillet coastal' basins, the
i:.a~aca:~GUaeWlipe and San A!1tonio-Nue~es 'coastal'basins
(FigUre 7.i .2); .AnnUal p~ecipiratio~ o~erthec~htributirig

area va,riesfrom:71'cm (28 in) in the Western iegioq,s or'the
Guad3Iupeartd San Antonio river basins tcd02cm (40 in)'
inches near th~dtiIfcoast (FigUre 4.1.3).~ross ~vaporati6n:
frorp th.~ estuary ex~eedS precipita~ion, averaging roughly
152~c,m (60in)perYeaf~ , . ,

,Fot hydrological pUrPoses, the entire drainage'basin is
divided into gaged and ungaged ar~. Runofr'from'gaged
areas is measured by USGS str~amflow gages on the'
Guadalupe RiveratVictoria, on Coleto CreeknearSchroeder,
and on the San Antonio River"atGoliad (USGS ~tations

08176500, 0~ln50o, and 08188500, respectivelyf 93%
ofthe total drainage area contributing'to the ~uadalupe

Estuary (24,9495 km2 or 9,633 mi2 ) is gaged; while 70/0
(L784.5 kDi2 or 689mi2 ) is ungaged. The gaged drainage
area\inchidesI4,794.1 km2 (5,712 mi2) of the Guadalupe
River Basin (including the gaged portion of the Coleto
Creek watershed) and 10,155.4 km2 (3,921 mi2) ofthe San
Antonio River Basin.



Table 7.1.1. Combineda inflows (acre-ft) by month fotthe Guadalupe Estuary during the period 1941 through 1987. The 47-year average (Avg.) is presented at the end of the table:

Vear January , February' Match April May June July August September October November December Total

, 1941 208,986 344.059 ' 394.149 532,568 1.283.832 436.441 374,411 132.962 148.197 196.640 113.360 123,296 4,288.901
'1942 72,453 144.825 90.952 192,928 125.743 72.053 1,008,185 ,177.796 . 637,485 324.775 149.534 125.529 3,122.258
'1943 151.167 100.561 148,258 85.779 116.182 184.116 116.305 57,304 . 81.563 57,Q47 88.278 98,250 1,284.810
1944 277,Q63 122.603 336.347 110.428 519.148 214.995 92.000 106.869 187.966 100.225 102,057 213.523 2,383.224
1945 243.991 234.538 224.377 472,687 122.174 158.565 100.268 245.586 - 52.287 122.212 62.962 80.244 2.119.891
1946 103,463 ' 182.925 254.490 142.357 263.991 318.676 82.716 201.721 640.578 876.090 300.211 174.832 3,542,050
1947 '281,286 149.605, 170,263 186.643 ' 348,644 106.742 95.220 110.178 58.015 55,886 80.270 69.210 1.711,962
1948 81,223 104.132 99.192 53.123 159.356 43.912 71.793 101.516 117.449 ' 49,481 33.801 36,393 951.371
1949 41.909 83.000 125,Q11 600,315 221.648 133.778 142,436 ' 64.568 50.327 430.785 72.990 113.718 2.080.485
1950 66.046 76,536 56.298 104.632 71,209 197,897 ' 50.852 ' 38.281 41.047 30.007 28,588 33.327 794.720
1951 31.944 34,677 37.406 38,831 133.054 233.295 26,819 16.970 243.925 34.889 32,970 29.700 894.480
1952 ' 29.279 47,383 41,797 101,304 223.042 115.257 46.954 17.254 542.233 53.168 118.497 147.196 1.483.364

1953 119.162 69,497 50,817 66,199 274.839 25.787 27,285 205.243 209.021 139,015 51.636 70,468 1.308,969
1954 45.954 35,Q69 32,404 40,940 63.494 22,424 14,121 9.708 11.817 55,255 24.742 20.188 376.116

1955 25.522 87,086 31.195 22.676 76,795 58.362 17.869 43.291 78.854 20.785 i 1.267 20.514 494.216
1956 18.497 20,830 17.747 20.751 44.181 5,123 6,534 7.129 15.564 43.565 16.480 58.681 275.082

1957 14.045 36,638 259,004 670,751 755.462 559.930 51.808 28.589 395.576 579.281 448,581 142.469 3.942.134

1958 483.313 892.688 290,252 146.426 419.653 133.588 108,657 57.772 315.823 328.197 239.596 191.175 3,607.140

1959 109.703 303.523 105.910 266,573 172.520 125.528 101.614 138,077 66.247 366;714 ,108,241 111,245 1,975.895

1960 114.348 151,373 128,436 99.752 179.988 317.858 216,297 282.204 85.206 1,207.435 666.397 413,726 3.863,020

1961 361,891 453.103 195.250 134.047 88.393 602.156 328.943 98,Q43 ' 255.286 98.004 213.298 82.805 2.911.219

1962 76.454 ' 69,500 63.508 . 91.362 71.036 159;030 46.221 29,417 95.191 58.018 66.115 109.880 935.732
N 1963 57.189 92,692 53.336 56.599 39.972 37,760 27.064 14.386 20.887 31,262 83.032 48.119 562,298
~ 1964 55.853 108.343 . 127".933 52.070 40,329 70,725 21.454 90,022 133.839 72,573 93.224 58,081 . 924.446

1965 151,578 442.541 99.746 100.449 503,291 354.109 83,486 53.728 53,804 170.404 166.608 293.916 2.473.660

1966 155.788 177.200 117.988 218,470 386,970 139.550 125,480 78.386 100.763 102.844 74,562 65.036 1,743.037
1967 ' 76.215 63.369 58,445 63.587 85,348 47.934 29.903 77.089 2.230.029 483.034 260,431 187.550 3.662.934

1968 726.253 300,075 188.455 242,592 566.354 571,037 286,423 110.627 184.297 159,371 111.848 186.518 3,633.850

1969 145.207 278,687 297.435 401,626 355.526 166.866 64.447 66.624 70.742 114.581 117.163 158.432 2.237.336

1970 184.894 140,864' 280.008 186.705 , 289.822 407.126 122.390 74,169 115.624 148.342 58.834 58.524 2.067,302

1971 56,117 45.834 48.038 46,702 60.462 41,658 43.242 182.893 514.109 390.658 224,494 304,219 1,958,426

1972 153.711 175.038 104,360 90,452 1,079.100 301.176 141,436, 142.284 114.454 173.891 186.843 76.342 2.739.087

1973 97,904 134.253 193,091 ,454,872 202.233, ' 806,857 556,658 353.924 344,657 1.262.823 387.740 237.290 5,032.302

1974 284.288 207.120 168.645 110.929 294,726 153,030 69,280 129,936 376,212 196.873 409,492 363,835 2.764,366

1975 217,693 376.786 250.248 215.880 712.723 '652,469 312,283 189,580 187,469 99.742 123.092 111,534 3.449,499

1976 110,963 71.530 79.781 537,215 587.928 328,104 304,567 141,070 154,259 399.041 ' 585.331 765,991 ' 4.065,780

1977 302,332 382,551 207,036 925,080 500,180 442,108 142,353 95,829 120.977 108,671 226.179 94.743 3.548.039

1978 96.599 114.037 88,193 97,840 64,627 166,559 43,181 331,043 ' )27.294 139,278 190,Q42 102.580 ' 1,961.273

1979 464.103 310.791 332,049 509,228 724,087 563.313 291,350 168.579 409.211 80,462 80,751 86.621 4,020.545

, 1980 137,202 85.720 67,410 61,761 276,312 72.880 37.064 110.218 144.762 87.221 75,942 76.405 1.232.897

1981 89,280 75,529 103.917 126.764 302,742 1.108.493 ' 389,276 181.141 847,826 317.581 433.818 153.319 ' 4.129,686

1982 111,174 240,522 102.800 84.237 477.749 96.481 55,311 43,375 37,396 72.078 1710240 70.695 1.563,058

1983 76,745 142.843 203.897 98.816 113.462 97,831 199,890 63,749 110.438 113,436 106,937 52.306 1,380.350 , '

1984 91,229, 59,226 90.903 38.214 40.210 20.423 9.354 23.308 12,326 149.189 90.538 83,339 708.259

1985 184,905 116.247 261.536 306.931 126.842 232,937 225.574 73.649 74.292 169,326 291.479 240.610 2.304.328

1986 139,539 124,181 92,Olli 67.172 144.822 387,685 98,479 56.961 103.393 284,364 223.892 511.303 2,233.809

1987 387,270 304,561 385.522 169.669 240,Q61 2,457,912 ,557,117 335.604, 192.385 138.447 145.956 116,470 ' 5.430.974

Avg. 159.824 ' 176.908 152;252 200.956 296,814 296,820 156,689 114,014 244,917 227,510 169,135 148.301 2.344.140

a Combined inflow =gaged + ungaged; ungaged =modeled + relurn flows - diversions
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Figure 7.1.2. Basins cOntributing to the Guadalupe Estuary. :

Reservoirs. Over the period of record, several major
reserVoirs were built in, the Guadalupe and San Antonio
basins (Table 4.1.3) primarily for water supply and flood
control. Canyon Reservoir, operated as a flood control and
hydroelectric generation reservoir, is presendy the largest:
reservoir (l,392 million m3) in the Guadalupe River Basin '.
(TDWR 1980b). Medina Lake, built in 1913 md operated
for irrigation purposes, is currendy the largest reservoir (313
million m3) in the San Antonio River Basin. Reservoirs
generally tend to reduce peak flows, alter seasonal patterns of.
riverine flows that reach the bay, and, in some instances, .
provide insurance against periods ofdrought. Reservoirs are
built to store water for municipal, agricultural, recreational,
and industrial uses, and for flood control. .

was 120,444 acre-fe/month. Over this period, 80.8% came .
from gaged areas; and 19.2% came from ungaged areas. The
average freshwat~r inflow volume entering the Guadalupe
Estuary each year represents three to four times the volume
of the estuary (Figure 4.1.5). Coincidentally, the average
flushing time; oonsid~ringonly terrestrial freshwater inflows,
is three to four months. '.

By far the largest fraction offreshwater inflows to the
Guadalupe Estuary. comes from gaged pOJ:"tions of the
Guadalupe River Basin. These areas contributed 58.1%
(1.34 million acre-fe/yr) of total freshwater inflows to the
estuary; 56.9% cam<; from gaged ponions ofthe Guadalupe
River alone. Gaged ponions of the San Antonio River
contributed 22.7% (O.532rriillion acre-fe/yr) of total
freshwater inflows.

Inflow stIltistU:s. Average freshwater inflow to the
Guadalupe Estuary over the period of record was 195,619
acre-fe/month (2.34 million acre-fe/yr); the median inflow

Ungagedwatersheds lyingbelowthe loweststreamgages
.generated the remaining fraction of freshwater inflows
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Month

Table 7.1.3. Mean, median, and standard deviation of inflows by month
for the Guadalupe Estuary, 1941 to. 1987.

January 159,824 111,174
February 176,908 124,181

<:,

March 152,252 117,988
April 200,956 110,428
May' 296,814 221,648
June 296,820 166,559
July 156,689 95,220
August 114,014 95,829
September 244,917 120,977
October 227,510 138;447
November 169,135 113,360
December 148,301 109,880

141,200
156,126
101,101
201,649
273,750
397,102
186,013
88,129

353,607
272,548
147,476
138,764

Standard
deviation

MedianMeanMonth

Guadalupe Estuary

II I ! l I t

Guadalupe River

f f If - f !

Table 7. 1.2. Guadalupe Estuary monthly freshwater inflow statistics, 1941
to 1987, 'in acre-feet.

Figure 7.1.3: Mean and one standard deviation error bars for monthly
freshwater inflows 'to the Guadalupe Estuary and for monthly gaged
inflows recorded on the Guadalupe River at Victoria(USGS station
08176500) and on the San Antonio River at Goliad (USGS station
08188500).

entering rhe Guadalupe Estuary. These,ungaged freshwater
inflows consistofrunofffrom ungagedwatersheds computed
with a'rainfall/rurioffsimulation'modelless clive'rsions of
water from streams'in the·watersheds plus return 'flow~ to
streams in the watersheds or directly to the estuary. Over the
period ofrecord, runoff computed froin the rainfall/ runoff
simulation model averaged 0.462 million acre-ft/yr,
diversions averaged 0.029 million acre-ft/yr, and return
flows averaged 0.017 million acre-ft/yr, representing 19.7%,
1.2%, and 0.7 % of total freshwater inflows to the estuary,
resped:ively.' .

Monthly inflow patterns. Average' and standard
deviations of monthly inflows for the entire Gu'a&ilupe
Estuary, gaged Guadalupe River flows at Victoria, and gaged
San Antonio River flows at Goliad are presented i~ Figure
7.1,3. The seasonal pattern ofinflows for each record is quite
similar. In.~ach case, the largest and most variable inflows
occurfrom May to June and from September to October,
and the smallest inflows occur in August. May and June
inflows average 295,128 and 295,687 acre-ft/month,
respectively, reflecting the occurrence of heavy springtime
precipitation throughout theconrributing basin. The most
variable inflows occur in June and September (standard
deviations of 395,115 and 319,290 acre-ft/month,
respectively). The smallest inflo~soccur in late August and
December (118,516 and 149,746 acre-ft/month,
respectively), while the least variable flows are in August and
March (standard deviations of 94',218 and 102,002 acre-ft/
month, respectiyely). Additional ,basic inflow statistics for
th~ Guadalupe Estuary arepresenred in Tables 7.1.2 and
7.1.3. (Skewness, the normalized third momenr ofa frequency
distribution, indicates the degree of' asymmetry of the

.distribution. Askewness ofzero indicates that the distribution
IS symmetric aIi9u{t~e mean value., A positive skewness, as
found for Guadalup~ Estuary m~nthly inflows and typical

37,405
69,389

117,719
240,292
431,088

Value

195,345
230,442

9,703
5)23

2.457,912
4.23

'San Antonio River

Statistic

Mean monthly freshwater inflow
Standard deviation
Standard error
Minimim inflow Oune 1956)
Maximum inflow (June 1987)
Skewness
Percentile rank

10th
25th
50th
75th
90th

~ 250
l!! ~

g 200
'..,

5i 150
lJ)

~, 100
.s::
~

~ 50
E 0
~E ·50
o
:::i: -100 .L-r---r--.--..-----,--.--..-----,,.--,...--.-----,,.--.-.....

Jan Feb Mar' Apr May J,m Jul Aug Sap Oct' NOv 'Dec
Month
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Figure 7.1.4. Cumulative freshWllter inflows to the Guadalupe Estuary and cumulative gaged inflows
on the Guadalupe River at Victoria and on the San Antonio River at Goliad, 1941 to1987. Data of
major impoundments indicated by bent arrows.

for river inflows, indicates that the distribution is asyInmetric
with a tail extending to the positive side ofthe mean, while
a negative skewness indicates a tail to the negative side ofthe
mean. Positive skewness can be attributed to a few large
inflow events.).

TrmJanalysis. Cumulative inflowhydrographs and
statistical analyses ofinflows to the entire Guadalupe Estuary
presented in Section 4.1 indicated no significant reduction
in mean inflow rates to the estuary due to consttuction of
reservoirs. Similar analyses of flows recorded on the
Guadalupe River at Victoria and on the San Antonio River

"at Goliad are presented here. Cumulative inflows (mass
curves) for gaged Guadalupe River inflows, for gaged San

Antonio River infloWs, and for the entire Guadalupe &mary
are presented in Figure 7.1.4. Results of the Sen

"nonparamerric trend analysis test (Van Belle and Hughes
"" 1984) applied to the same three sets ofinflows are presented
in Table 7.1.4. In both the cumulative inflow hydrographs
and in the nonparametric trend analysis, the only trends
evident are those during drought periods. Decreasing trends
in freShwater infl<?ws are found for the periods 1941-1958
and '1958-1966, wh.i1~ no signifi~t trend is found for
inflows to either river for the 1966-1987 period. Drought
"conditions existed in Texas during the ltlid-1950's and early
1960's, accounting for the decreasing trends. Although
anomalies such as the decrease in inflow rates from roughly

"1981 through 1986 do appear (attributable to less-than-"

" " "

Table 7.1.4. Trend analysis of monthly inflows to the Guadalupe Estuary. the Guadalupe River at
Victoria (USGS station 08176500). and the San Antonio River at Goliad (USGS station 08188500).
Sen's t-statistic, % change per year of deseasonalized inflow data, significance of result.

Period and area % change/year Significant?

1941-1958
Guadalupe Estuary
Guadalupe River at Victoria
San Antonio River at Goliad

1958-1966
Guadalupe Estuary
Guadalupe River "at Victoria
San Antonio River at Goliad

1966-1987 "
Guadalupe Estuary
Guadalupe River at Victoria
San Antonio River at Goliad

-4.14 -3.85 Yes.
-4.24 -3.53 Yes
"3.60 -3.62 Yes'

-3.25 -10.9 Yes
-3.63 -11.14 Yes
'-3.86 -11.20 Yes

-1.97 -0.52 No
0.20 1.04 No
2.07 0.97 No
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7.1.5). However, the higher amplitud~, low probability
flood flows show less ofan increase than the low amplitude,
high frequency flows. This suggests that Canyon Reservoir
may be acting to attenuate large amplitude flood peaks on
the Guadalupe River. On the San Antonio River (Figure
7.1.6), low amplitude flows show a significant increase for
the latter (l968 to 1987) period, while large amplitude flows

.show almost no increase. This may be due stricdy to an
increase in gtoundwater return flows, which tend to be
frequent but relativelysmall in amplitude, from SanAntonio
into the San Antonio River.

_ 1968-1987

Exceedance Probability (%)

Guadalupe River at Victoria
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Figure 7.1.5. Exceedance probability curves for the Guadalupe River at Salinity Characteristics
Victoria. Statistics are based on maximum annual mean daily inflows:
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Salinity statistics. Basic statistics describing salinity
conditions for five sub-areas in the Guadalupe Estuary were
provided in Table 4.1.2. In addition, mean salinity levels,
salinityfrequencydistributions, and seasonal salinitypatterns
are illustrated in Figures 4.1.6, 4.1.15, and 4.1.16,
respectively.

Overall average salinities range from rougWy 60/00 near
Seadrift in the upper reaches ofthe estuaty, to rougWy 250/00
in EspirituSanto Bay. Salinity from the upper to the lower
reaches of San Antonio Bay generally decrease by about
100/00; salinity is generally lower in Mesquite Bay than in
Espiritu Santo Bay.

Figure 7.1.6. Frequency-duration curves for the San Antonio River at
Goliad. StatistiCs are based on annual maximum daily inflows.

average precipitation for that period), the overall picture
presented is of no significi.nt changes in average freshwater
inflow rates to the Guadalupe Estuary from 1941-1987
except during droughts.

Exceed4nce probability analysis. Comparison of
exceeda~ce probabilities for maximum gaged daily
streamflowson the Guadalupe (atVictoria) and SanAntonio
(at Goliad) rivers suggests that inflows on both rivers were
gteater for the period 1968 to 1987 than from 1941 to 1966
(Figures 7.1.5 and 7.1.6). Comparison ofmean inflows for
the same periods supports the same conclusion. Mean
annual inflows on the San Antonio River were 0.396 million
acre-ft from 1941 to 1966, and 0.690 million acre-ft from
1968 to 1987. On the Guadalupe River, mean annual
inflows increased from 1.08 million acre-ft to 1.67 million
acre-ft over the same periods. The difference in mean
inflows between these two periods can be attributed to
increased urbanization in both watersheds, increased
gtoundwater pumpage and return flows, and increased
precipitation in the latter period. (Recall that two droughts
occurred in the earlier period.) For the Guadalupe River,
flows at all exceedance probabilities for the 1968 to 1987
curve lie above those in the 1941 to 1966 curve (Figure

Salinity distribution in the estuary. A more refined
breakdown ofsalinity conditions in the Guadalupe Estuary
is presented in Figure 7.1.7. For this figure, the salinity
database was sorted to represent conditions during low,
medium, and high inflows to the estuary. Low inflows were
taken as montWy inflows below the 25th percentile flow
(70,100 acre-ft/month, Table 4.1.1), medium inflows as
being between the 25th and 75th percentiles (70,100 acre­
ft/month and 241,000 acre-ft/month, respectively), and
high inflows as being above the 75th percentile inflow.
Salinities were sorted according to the inflow of the month
the salinity measurement was taken. Isohalines for these
three conditions are presented in Figure 7.1.7. The overall
effect of increasing inflows is to drive fresh water down the
estuary and into the lagoonal arms. Salinity in most ofSan
Antonio Bay decreases by roughiy 100/00 going ftom low
inflow conditions to high inflow conditions. The lagoonal
arms ofthe estuary are more buffered from inflowvariations.
Salinities in Espiritu Santo Bay vary by only 50/00 over
extreme inflow conditions.

A trend analysis for salinity in the Guadalupe Estuary
was presented in Section 4.1. The orlIy trend indicated was
that of increasing salinity in lower mid-San Antonio Bay.
No trends were found for the remaining sites in the estuary.
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Low inflows

Medium inflows

High inflows

Figure?l.7. Salinity contours for low (less than 25th percentile). medium
(between 25th and 75th percentile. 70.100 and 241.000 acre-ftlmonth.
respectively), and high (greater than 75th percentile) inflow conditions in
the Guadalupe Estuaiy.

Summary

Primary contributors offresh water to the Guadalupe
Estuaryaregaged portionsofthe Guadalupe and SanAntonio
rivers; historically, these sources have provided 79.6% of
freshwater infl~ws to the Guadalupe Estuary. S~nal

characteristics for total freshwater inflows to the estuary and
for gaged inflows are allverysimilar. Bimodal peaks occurring
in late spring and early fall appear in each of these records.
Despite development of reservoirs and urban areas in these
basins, the only trends found in inflowrecordswere associated
with· drought periods. Similarly, no significant trends in
saliniry were found in four of five siteS in the Guadalupe
Estuary.

7.2 PROFILE OFW~TERQ.UALI1Y IN THE
GUADALUPE ESTUARY

Bay Nutrient ConcentratiC?ns

To complement the discussion of distribution of
major nutrients within the Guadalupe Estuary presented in·
Section 4.2, a water qualiry profile ofthe estuary is presented

,here, based on data compiled for four selectedareas illustrated
in Figure 7.2.1. Data were compiled from databases in the
1WDB Coastal Data System and from the TNRCC
Statewide Monitoring Network. Approximate locations of
major sampling stations are shown in Figure 7.2.1. With
respect to the Guadalupe Estuary, routine monitoring
programs ofthe'TWDB and TNRCC began in 1967 and
have continued through 1989. Frequencyofsamplecollection
during this period hasvaried from monthly, tosemi-monthly,
to quarterly, or yearly, depending on the site and parameter
category. Parameters discussed here were usually sampled .
semi-monthly or quarterly. Additionally, data from several
estuarine ecological studies of one to three years' duration,
performed during the 1970's, are included from the 1WDB
Coastal Data System. Chemical analyses for most of the
samples were performed bytheTexas DepartmentofHealth.
Table 7.2.1 presents basic summary statistics for nitrogen,
phosphorus, and total organic carbon concentrations for
each bay area. The dissolved inorganic nitrogen reported in
the table is the sum of nitrate, nitrite, and ammonium
nitrogen concentrations. Total nitrogen is defined as nitrate
plus nitrite plus total Kjeldahl nitrogen.

Seasonal variation. . Variation in nutrient
concentrations arise from v~abiliry in the external supply
and from seasonal and non-seasonal fluctuations in the
uptake and recycling ofnutrients in the bay. Figures 7.2.2;
7.2.3, and 7.2.4 show monthly variation of mean nutrient
concentrations in the Seadrift area, mid-bay, Mesquite Bay,
and .Espiritu Santo Bay, grouping all years' samples by
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Figure 7.2.1. Areas within the Guadalupe Esnwy for which descriptive
watet quality analyses were developed. Dots show app~oximate positions
of historical mo~itoringstations.' .

moinh. The reliability ofthe means as indicators ofseasonal
variation is illustrated by the 95% confidence interval plotted
about the means.

Nutrient concentrations in upper San Antonio Bay
near Seadrifr are more variable than in other areas of the

estuary, probably as a result of periodic changes. in inputs
from the Guadalupe River. Dissolved inorganic nitrogen
and phosphor~ show decreasing variation with increasing
distance from the river mouth. In contrast, total organic
carbon remains variable throughout the estuary. This
probably reflects the diversityoforganic materials, including
phytoplankton, included in this measure. P~pulations of
planktonic microorganisms typiailly bloom and then die
cyclically in response to varying chemiCal ~d physical
coQditions in theesmary (Rj.ley, 1967).

Variation .induced by the influence of floods and
meteorological events makes it hard to define seasonal
patterns in estuaries. Orthophosphorus and dissolved
inorganic nitrogen concentrations appear to increase during
fall and winter when the rates of uptake by phytoplankton
would be reduced. In contrast, total organic carbon
concentrations include carbon fixed by this phytoplankton
and other biological activity, and are high in the sp~ing,

summer, and early fall.

Trmds in nutrientconcmtrations. Long-term trends
ofchange in variable systems such as estuaries are difficult to
measure. The period of record for most of the water quality
monitoring stations is 1968 to 1989. Nevertheless, some
stations were sampled more frequendy than others during
this period, and during some years the bays were sampled
more frequendy than during other years. To make best use
of the data available, long-term variation in nutrient

Table 7.2.1. Average nutrient concentrations in regions and bays of the G~upe Esruuy; units ~e mgll. Presented as mean %
standard deviation. with number of observations in parentheses.

Parameter Seadrift Mid-bay Espiritu Santo

Nitrate-N 0.46 %0.47 0.19 %0.31 0.06 %0.18
(140) (143) (116)

Ainmonium-N 0.07 %0.09 '0.08 %0.15 0.06%0.18
(113) (118) (119)

DIN-N' 0.59 %0.58 0.17 %0.20 0.05 %0.03
(83) (123), (66)

Total-N 1.53 %0.65 0.95 %0.34 0.77 %0.42
, (45). (36) (41)

Ortho-pb 0.11 :1:0.09 0.09 %0.06 0.04 :1:0.03
(58) (94) (46)

Total-P 0.25 %0.13 0;14%0.07 0.06 %0.04
'.(119) 024) (125)

To'tal organic 7.64 %5.84 7.66 %5.98 6.35 %7.16
carbon (84) (78) (84) .

, DIN is diSsolved inorganic nitr~n.
b Ortho-P is orthophosphate.

,.725

Mesquite

0.04 %0.09
(115)

0.04 %0.09
(117)

0.11 %0.15
(110)

0.94 %0.40
(43)

0.07 %0.05
(90)

0.12 %0.06
(Ill)

7.23 %5.28
(82)
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Figure 7.2.2. Seasonal variation of dissolved inorganic nitrogen
(NH3+N02+NO~inrepresentativeareasoftheGuadalupeEstuary.The
upper and lower 95% confidence intervals are shown flanking monthly
means.

Figure 7.2.3. Seasonal variation ~forthophosphate in representative areas
ofthe Guadalupe Estuary. The upper and lower 95% confidence intervals
are shown flanking monthly means.

concentrations of the Guadalupe Estuary was investigated
usinga nonparametric test based on Kendall's tauas proposed
by Hirsch et al. (1982). This test was designed to reliably
determine trends in data with seasonal or monthlyvariation.
The seasonal component of concentration changes was
factored out using simple three-month seasons (viz. January
through March in the first season, etc.). . ,

Results ofthe tests are presented in Table 7.2.2. The
trend statistic, "z," indicates astatisticallysignificant trend if

,its absolute value exceeds 1.96. Because this non-parametric
test is based on ranked values and is not sensitive to the
absolute values, it can indicate a signifi~t trend when the
magnitude ofchange is too small to beofconcern. Therefore,
the estmlated 'percentage,change per year in each parameter
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Seadrift

nitrogen forms, while little change is observed in total
nitrogen. Perhaps thisindicates an increase in the efficiency
with which the system converts arid retains dissolved nutrients
in the form of organic components. Two points should be
noted in this regard. First, some total nitrogen values were
estimated from a nitrate-based regression, which would tend
to stabilize values because the constant term in the equation
is fixed. Second, some suspicion should be directed at trends
of decline, since the detection limits of various chemical
methods have improved over the years. No attempt was
made to correct for such improvement in this analysis, and
values reported as "less than" were taken at the threshold
level for that particular assay.

Although the values reported for concentration trends
should be used with caution, the generality of some results
suggests some hypotheses which justify further monitoring.
First, the difference in trends between nitrogen and
phosphorus indicates that nitrogen and phosphorus
concentrations in the bays are independent over the long
term. Since dissolved nitrogen and total organic carbon have
both decreased, the trend results could indicate a linkage
between dissolved nitrogen and organic matter production.
Second, there is not a clear correspondence between trends
in the lower bay regions and trends in the upper bay or in the
Guadalupe and San Antonio rivers. This suggests the
indicated trends in many areas ofthe estuary have more to do
with internal changes which affect nutrient processing rather
than with alterations in delivery ofnutrients from outside to
the estuary.
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Figure 7.2.4. Seasonal variation of total otganic carbon in tep.tesentative
areas of the Guadalupe Estuary. The upper and lower 950/0 confidence
intervals ate shown flanking monthly means.

was calculated from the slope ofthe best-fit line through the
data, and this value is also presented in Table 7.2.2. Where
this change is estimated to be less than 5%/yr, the differences
may be below a level at which the measurement detection
limits could reliably support the findlng.

One result ofthe trend analysis is the contrast between
apparent declines in c:once~1tfation of dissolved inorganic

Relationship between Concentrations and Inflows

Floods are often assumed to enrich the estuary by
bringing in a large amount of nutrients at once, increasing
nutrient concentrations over much ofthe estuary. Ofcourse
the ability of the estuary to respond to nutrients brought in
by high inflows depends on the s~on (due to temperature
effects) and the offsetting flushing effect which disrupts
activities of many species in parts of the estuary. The
Guadalupe &tuary is complex hydraulically and biologically.
Nutrient inputs may be filtered and partially processed in the
upper bay. Some retention and storage occurs there also. An
estimate of the influence of inflow variation on estuarine
nutrient con~ntrations depends on the timing of sample
collections with respect to rates of i~puts, processing, and
advection in the estuary. Due to these complicating factors,
simple tests of the relationship between esniarine nutrient
concentrations and inflows, such as are presented below,
provide only a rough measure of the effect.

The firsr.step in testing the association between inflow
volume and bay nutrient concentrations required calculating
the inflow vol~e over the 30-day period preceding each
sampling. The nutrient data was then divided into four
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Table 7.2.2. Water quality uends in bays of the Guadalupe Estuary and in the lower Guadalupe and San Antonio tivets for the 1968 to 1989 period
of record; ·z· is the trend statistic. The trend is significant when Izl > 1.96 (P < 0.05). The change is expressed as a percent per year on the next line.
Positive or negative sign indicates increasing or decreasing trend.

-0.08 '-3.52 -2.43 -1.97
2.0 -6.4 -6.4 -4.0

-1.69 -5.42 -6.16 -~.93

2.2 -12.0 -13.2 -13.2

1.83 -3.81 -4.39 1.95
3.4 -6.0 -6.0 1.3

1.13 -1.86 2.14 0.45
0.7 -0.5 0.8 0.7

1.81 2.17 2.22 3.39
3.2 1.6 2.8 4.4

2.61 3.12 2.90 3.88
2.4 2.4 3.2 4.4

-2.72 -3.20 -2.19 -2.67
-3.6 -6.4 -4.4 -3.8

Parameter Guadalupe San
River Antonio

River

Niuate-N
zvalue -4.07 2.41
Trend (%/yr) -3.2 1.8

Ammonium-N
zvalue 0.92 2.21
Trend (%/yr) 0.0 1.3

DINa
z value -0.55 3.11
Trend (%/yr) -0.5 2.4

Total N
zvalue -2.94 2.01
Trend (%/yr) -1.1 1.2

Ortho-pb
z value 0.83 0.79
Trend (%/yr) -3.6 2.0

Total-P
z value 1.71 0.93
Trend (%/yr) 2.1 0.3

Total.organic carbon
-0.49zvalue 2.06

Trend (%/yr) 4.3 -1.7

t
a DIN is dissolved inorganic nitrogen.
b Orthl,..p is orthophosphate.

,

Seadrift Mid-bay Mesquite Bay Espiritu
Santo Bay .

Table 7.2.3. Average dissolvedinorganic and total nitrogen (mgll) among inflow quantity categories (summed 30-day inflows) with
Kruskal-Wallis test (H) for equality of means. ••• indicates that means of the variouS inflow categories differ significantly.

Inflow categi:>ty
(in acre-h)

Seadrift Mid~bay Mesquite Bay Espiritu Santo Bay

Dissolved inorganic nitrogen
Inflow :5 70,140
70,141:5 inflow:5 120,040
120,041 :5 inflow :5 240,560
Inflow~ 240,561
Kruskal-Wallis H
Probability'

Total nitrogen
. Inflow :5 70,140

70,141:5 inflow:5 120,040
120,041 :5 inflow :5 240,560
Inflow ~ 240,561
Kruskal-Wallis H
Probability

0.40 0.10 0.06 0.052
0.79 0.12 0.12 0.045
0.66 0.17 0.08 0.035
0.53 0.24 0.16 0.054
4.97 10.80 13.25 1.860

P < 0.17 P < 0.013" P < 0.04" P < 0.60

1.18 0.92 0.96 0.89
1.44 1.06 0.96 0.88
1.34 1.01 ·0.92 0.89
1.37 1.25 0.99 0.97

12.56 23.62 2.87 1.15
P < 0.006" P <.0.001 " P < 0.41 P < 0.77
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Table 7.2.4. Average dissolved orthophosphate and total phosphate (mgt\) among inflow quantity categories (summed 30-day
inflows) with Kruskal-Wallis rcst (H) for equality of means. ..- indicatcs that means of the various inflow cat~ries differ
significantly.

Inflow categoty
(in acre-ttl

Seadrift Mid-bay Mesquite Bay Espiritu Santo Bay

Dissolved orthophosphate
Inflow s 70,140
70,141 s inflow s 120,040
120,041 s inflow s 240,560
Inflow 2:. 240,561
Kruskal-Wallis H
Probability

Total phosphate
Inflow s 70,140
70,141 s inflow s 120,040
120,041 s inflow s 240,560
240,561 s inflow
Kruskal-Wallis H
Probability

0.22 0.09 0.07 0.04
0.23 0.08 0.05 0.04
0.17 0.09 0.06 0.03
0.15 0.12 0.08 0.05·
8.52 7.82 7.57 0.93

P < 0.04' P < 0.05' P < 0.06 P < 0.82

0.25 0.12 0.12 0.05
0.32 0.14 0.12 0.05
0.26 0.12 0.13 0.07
0.21 0.18 0.10 0.07

10.88 12.46 4.27 6.73

P<9·012 • P < 0.006' P < 0.23 P < 0.08

inflow categories based on the exceedance frequencyquartiles
for monthly surface inflow in Table 7.1.1. For example, the
low inflow group of measurements consisted of samples
taken ·when inflows in the preceding 30 days ranged from 0
t070,140 acre-ft (l00 to 75% exceedance frequency). The
low-to-medium grouping had samples taken when 30-day
inflows ranged from 70, 141 to 120,040 acre-ft (75% to 50%
exceedance frequency), and so forth. The Kru.skal-Wallis
non-parametric test was used to identify nutrient parameters
for which the means among inflow groups were significantly
different. Group means and test statistics are given for
nitrogen in Table 7.2.3, phosphorus in Table 7.2.4, and
organic carbon in Table 7.2.5. Additional tests were repeated
with inflows summed over the 90 days preceding sampling.
These results were essentially the same as the 30-day inflow
tests and are not presented.

Statistically significant inflow associations generally
indicate that higher ,nutrient concentrations occur with

higher inflow volumes. Mid-San Antonio Bay shows a
consistent positive respons~ of nutrient concentration to
inflows. Espiritu s:uit~ Bay shows· the least influence of
inflows. All areas of the Guadalupe Estuary show higher,
levels of total organic carbon as inflows increase. This
suggests high flows stimulate heterotrophic metabolism of
the estuary. In the upper eslliary area near Seadrift, there is.
some indication that high nitrogen and phosphorus levels
occur most often during periods of intermediate inflows.

Perhaps the panern ofvariation within the estuary is
consistent with the idea that there is a balance between the
nutrient enrichment from inflows and the destabilizing
effect of high flows. In the mid-bay region, for example,
biological processes may keep nutrients tied up when
conditions are stable (with low to moderate inflow). But the
biota maynot be able to assimilate available nutrients during
high flows when they are responding to changes in saliniry.
Thus available nutrient levels would be higher.

Table 7.2.5. Average total organic carbon (mgt!) among inflow quantity ~tegorics (summed 3D-day inflows) with Kruskal-Wallis
tcst (H) for equality of means. ".* indicates that means of the various inflow categorics differ significantly.

Inflow categoty
(in acre-ttl

Seadrift Mid-bay Mesquite Bay Espiritu Santo Bay

Inflow s 70,140
70,141 s inflow s 120',040
120,041 s inflow s 240,560
Inflow 2. 240,561
Kruskal-Wallis H
Probability

5.86 5.29 5.92 5.2Q
6.84 7.06 6.40 3.84
7.97' 7.72 7.52 6.99
9.68 10.70 9.19 8.93
9.01 9.47 8.27 10.28

P < 0.03' P < 0.02' P < 0.04' P" 0.02'
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Trmds in nutrient wading. Trends in nutrient
concentrations and loadings from the two main gaged
sources, the San Antonio and Guadalupe rivers, were
investigated using the nonparametric Kendall tau test
described earlier, based on three-month seasons.
Estimation of loading trends in combined drainage
basin inputs is hampered by inconsistencies in rerurn
flow and rainfall runoff records.

7;3. NUTRIENT BUDGET FOR THE
GUADALUPE FSfUARY

Variation in Nutrient Loading

Table 7.2.6 presents the results of the trend
analysis. As previously stated, only "z" values greater
than 1.96 or less than -1.96 are significant at P < 0.05.
Only two categories displaysignificant trends: adecline
in total organic carbon loading from the San Antonio
River and a decline in ammonia nitrogen loading from
the combined river input. These trends seem
problematic, since they are not reflected in similar
trends in other categories, as might be expected. The
indicated trends also do not correspond to trends of
concentrations. within the lower reaches of the two
rivers. Given the variability of the data and the
relatively short time period included in the analysis,
these results mainly indicate that general nutrient
loading to the estuary appears to have remained stable
over the period of interest.

Data on nuuient loading for the Guadalupe
Estuary were presented in Section 4.3. Additional
information is presented here on the variation and
long-term changes in this loading. The most complete
data on nutrient loading for this esruaiy is available for
the most important sources, the Guadalupe and San
Antonio rivers·. Nutrient contributions from the San
Antonio and Guadalupe rivers are summed and
compared to the combined input from all drainage
basin sources in figures 7.2.5, 7.2.6, and 7.2.7. For
samples withouttotal KjeldahI-N measurements, total
niuogen was estimated from. a regression based on
nitrate-N (R2 = 0.68) developed from pooled bay
data. The average monthly conuibutions ofthese two
rivers to the total surface loadings of total nitrogen,
total phosphorus, and total organic carbon are 77%,
72%,and 78%, respectively.

87

87

1.1

85

8S

83

8381

81

79

79
O~_:"""':~--=-'--~--":""""~---:'~!--.----~---J.

77

O.8+------'---~----'---""""'""---f"';-r--r

I==~~I

Figure 7.2.6. Total phosphorus loading to the Guadalupe Estuary from
the San Antonio and Guadalupe rivers (river inflow) and all drainage basin
sources (combined inflow) during the 1977 to 1987 period.
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Figure 7.2.5. Total nitrogen loading to the Guadalupe Estuary from the
San Antonio and Guadalupe rivers (river inflow) and all drainage basin
sources (combined inflow) during the 1977 to 1987 period.
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Figure 7.2.7. T oral organic carbon loading to the Guadalupe Estuaryfrom
the San Antonio and Guadalupe rivers (river inflow) and all drainage basin
sources (combined inflow) during the 1977 to 1987 period.

The delivery ofnutrients to an estUary and losses
of nutrients from the estuary can be described as a
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Analytical Procedure and Data Sources

Table 7.2.6. Trends in nutrient loading to the Guadalupe Estuary, 1968
to 1987, from gaged sources. For each parameter, the fust line gives the
trend statistic"z.~ The trend is significant when Izi > 1.96 (P < 0.05). The
second line gives the % change per year estimated from least squares fit.

Nitrogen, phosphorus, and carbon budgets for the
Guadalupe Estuary are presented for a dry year, 1984, and
for a year of extremely high input of fresh water to the
estuary, 1987. These two sets ofconditions were chosen to
span the range offluvial input. In most years, conditions fall
between these extremes, and the budgets for those years can
be expected to fall within therang~presented here. Nutrient
budget results demonstrate the immediate and longer-term
influence (through consideration of sediment storage) ·of
freshwater inflows on the nutrient supply available for
biologicalpioduction.

budget in which both the sources of input and the paths of
loss are identified. Changes in the internal amounts stored
in the system can also be considered, since material can be
stored during some seasons to fuel production during other
seasons. A balance ofinputs and losses demonstrates several
things. The procedure tests our knowledge of the system; if
the amount of materials which cannot be accoUnted for is
large, then important sources, sinks, or processes have been
overlooked. The comparative magnitudes of components
can be related to sensitivity ofthe system to changes in those
components. The relative importance of physical and
biological processes within the budget may forecast the
ability ofthe system to respond to increased or decreased
inputs.

Volumes flowing into and out ofthe estuary from the
Gulf and neighboring bays were developed from results of
the TXBLEND model (Section 8.4). TXBLEND simulates
water movement in the two horizontal dimensions based on
the finite element method, with triangular elements and
linear basis functions. Water circulation calculations are
based on conservation ofmass and momentum, and inputs
include tidal elevations, freshwater inflows, precipitation,
evaporation, and wind. The system of bays including
Matagorda, SanAntonio, and Aransaswere modeled together
to accurately estimate the exchange among them, as well as
the exchange with the Gulf. The simulation ofan entire year
ofestuaryhydrodynamics for both high and low inflowyears
was based on daily freshwater inflows and meteorology, and
on hourly tides. The 1984 simulation employed calculated
tides, since measured tides were not available. Results of
TXBLEND included daily volumes exchanged at each pass
and channel connecting system components. These were
summarized into monthly volumes coming in,. going out,
and the resulting net flow, for each pass controllingexchange
with the Guadalupe EstualY. Tables 73.1 and 7.3.2 present
these volumes as millions ofcubic meters per month.

_TiJal exchange in the budget. A major assumption
applied in this mass balance concerns the mixing oftidal flow
with recipient waters. It was assumed that some mixing
occurs between bay waters and inflowing Gulf tidal waters
(and vice versa), such that there is some entrainmentofth~se
Gulf waters. Following Smith's (I985) analysis of mixing
between Corpus Christi Bay and the Gulf, an assumption of
50% tidal water entrainment was used in this analysis. For
computation, net flow was separated from the volume
moving' through a pass, and 50% of the remainder was
assumed to be the tidal volume transferred through the pass.
This calculation is nec~ssary to fully a~count for input from
and losseS to the Gulf and bays neighboring San Antonio
Bay. The relationship between tidal exchange and net flow
between bays is illustrated in Figure 7.3.1.

Nutrientbudgetdata. The analysis ofnutrient loading
rates, presented in Section 4.3, provides much ofthe data on
which nutrient budgets can be developed. Bay water
concentrationdata, used in calculationsofintrabayexchanges,
were collected from TWDB and TWC databases. These
data were averaged over depth and among neighboring
stations for selec:red bay areas. Balances for nitrogen,
phosphorus, and carbon are basedon unfiltered wa'tersamples
to include the mass associated with detrital particles and
small planktonic organisms with high rates of turnover.
Total nitrogen is defined here as the sum of nitrate-N,
nitrite-N, and total Kjeldahl-N. During the study years,
total nitrogen, total phosphorus, and total organic carbon
were measured at locationswithin the estuary approximately
every other month. Values wer~ interpolated from adjacent
months to represent missing concentrations.

Combined
rivers

-1.84 0.26
-2.20 0.43

-0.96 -2.29
-7.30 -8.50

-0.56 0.05
-0.21 0.23

-1.08 -1.91
-1.70 -1.80

-0.29 -0.65
-1.50 -2.10

Guadalupe
River

San Antonio
River

Parameter

Nitrate-N
z value 0.92
Trend (%fyr) 0.88

Ammonium-N
z value 1.72
Trend (%fyr) 0.31

TotalN
z value 0.16
Trend (%fyr) 0.06

Total p
z value 0.11
Trend (%fyr) 0.65

Total organic carbon
z value -2.03
Trend (%fyr) -8.7
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Table 7.3.1. 1984 mondUy tidal inflows, outflows, and net flows at Guadalupe EstuarY exchange points, in millions ofm3. Inflows on each flood tide were
summed to give mondUyinflows. outflows on each ebb tidewere summed to give monthlyoutflows. and the daily inflows less the dailyoutflows were summed
for the mondUy net flow figures.

Type and
location

Inflows
Saluda
Big Bayou
POrt

O'Connor

Cedar
Dugout

ICWWI
Bludworth

Jan

598.89
150.80
138.17

24.85

21.42

Feb

485.71
117.43

97.56

123.05

102.90

Mar

515.08
126.72
96.88

130.46

112.79

Apr

486.34
122.23
87.40

141.13

122.57

May

565.32
144.60
94.78

152.14

131.60

Jun

494.27
120.45
67.67

195.54

171.74

Jul

516.56
124.52
84.03

170.09

146.85

Aug

475.33
113.63
71.86

162.49

141.46

Sep

547.46
145.13
125.19

60.33

51.63

Ocr

499.88
132.34

98.84

116.51

101.80

Nov

561.73
144.52
117.25

n.67

67.66

Dec

527.56
135.76
105.56

130.15

112.43

Outflows
Saluda
~ig Bayou
Pon

O'Connor
Cedar

Dugout
ICWWI

Bludworth

506.48
106.32
, 71.03

236.58

214.85

492.68
113.76

99.06

128.94

114.87

506.67
119.10
105.91

140.48

125.78

532.09
126.26
110.07

122.67

109.24

580.13
137.30
117.6

80.34

72.65

613.41
144.92
133.55

9.24

7.62

565.13
131.14
114.0

48.37

45.49

515.52
120.09
104.83

32.79

30.13

458.50
99.35
66.37

186.15

167.47

568.94
134.15
105.61

125.69

114.09

507.92 552.78
121.02 . 125,10
87.82 105.69

160.89 119.n

145.n 107.43

Net Flows
Saluria
Big Bayou
Port

O'Connor
Cedar

Dugout
ICWWI

Bludworth

92.41
44.48
67.15

-211.73

-193.43

-0.97
3.67

-1.50

-5.88

-11.97

8.41
7.61

-9.03

-10.02

-12.99

-45.75
-4.03

-22.67

18.46

13.34

-14.81
7.30

-22.89

71.80

58.95

-119.14
-24.47
-05.88

186.30

164.12

-48.57
-6.62

-30.02

121.72

101.36

-40.19

-9-46.
-32.97

,
129.70

111.34

88.96
45.78
58.82

-125.82

-115.84

-69.06
-1.81
-6.n

-9.18

-12.28

53.81
23.51
29.43

-83.22

-78.11

-25.22
10.66
-0.13

10.38

5.00

Water balAnce. Abalance of water volumes gained
and lost by the estuary forms the basis for materials balances.
Inflows accounted for included freshwater inflows from
gaged, ungaged, and return flows; direct precipitation on
bay waters; net flow between the connected bays; and tidal
input into Espiritu Santo and Mesquite bays. Diversions
were subtracted from surface flows and evaporation was
included as a loss. Tidal input to Espiritu Santo Bay
included simulated flows through Saluria Bayou, Big Bayou,
and through the ICWW at Port O'Connor. Exchanges to
Mesquite Bay included flows through Cedar Dugout and
the ICWW at Bludworth Island. Cedar Bayou was not open
during the years simulated. Table 7.3.3 summarizes the
water balance, presenting monthly freshwater inflow,
evaporation, and the totals of these and other inputs and
outputs. .As a result of error accumulation over the long
.duration ofsimulation, some flows are not accounted for in
the balance. In terms ofthe total input volume, this error in '
the water balance was 6% for the 1984 simulation, and 5%
"for 1987. For purposes ofthe'nutrient balances, the monthly
balance remainder was distributed between tidal outflow~ to

M~tagordaand toAransas bays, proportionate to the original
ratio ofoutflows to those bays. This gave a net flow balance
close to zero.

Biogeochemicalprocesses in the budget. The product
ofthe nutrient concentrations in the water and the volumes
ofwater included in the water balance produces the terms of
a balance ofnutrients accounted fq,r in water transport into
and out of the estuary. Losses of nutrients to fisheries
harvests, burial in bay sediments, and-for nitrogen­
denitrification, were included t~' complete the material
balances. .

Denitrification results in loss ofbiologically available
nitrogen from the estuary as nitrogen gas. This process
typically takeS place in low oxyg~n environments, such as are
found in the sediments. Estimates ofrates ofdenitrification
were made in investigations performed in San Antonio Bay
(Benner and Yoon 1989). An average rate was used in this
balance, even though the rate shouldv~with temperature
and nutrient availability.
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· Table 7.3.2. 1987 monthly tidal inflows, outflows, and nedlows at Guadalupe Estuary exchange points, in millions of m3. Inflows on each flood tide were
summed to give monthly inflows, outflowson each ebb tide were summed to give monthlyoutflows, and the daily inflows less thedailyoutflows were summed
for the monthly net flow figures.

Type and
location

Jan Feb Mar Apr May Jun Jul AUg Sep ~ Oct Nov Dec

31.95 613.68

31.18 541.66

534.63 1.787.58
123.38 551.27
89.67 496.18

674.36 '632.32. 641.24
181.11 165.27 171.85
113.93 94.09 111.67

100.95

108.21

223.90

190.66

789.61
209.18
189.72

580.04
134.07
56.14

173.75

109.76

649.88
163.11
101.64

128.98

118.51

107.92

125.47

646.29
164.55
113.21

.114.67

80.75

93.28

142.94

151.25

554.55
136.00
82.96

11.91

240.65

10.79

672.90
190.57
182.49

280.53

462.75
95.67
30.66

37.78

38.21

818.86
235.49
199.57

155.01

174.70

I
485.58
114.02
44.26

36.10

39.53

163.34
29.54

7.18

213.57

182.97

703.45
180.23
80.27

62.34

66.48

202.78

174.23

406.55
88.61
44.28

702.34
183.04
177.20

259.46

59.76

287.54

69.13

747.99
188.78
117.45

615.16
168.17
107.76

65.04

76.32

207.20

231.54

549.93
135.19
91.89

613.19
160.11
116.70

298.82

48.48

43.12

337.14

721.75
185.17
139.30

606.84
150.50
98.65

Inflow
Saluria
Big Bayou
Porr

O'Connor
Cedar

I Dugout.
IICWWI
I Bludworrh

I
Outflow

Saluria
Big Bayou
Porr

I O'Connor
Cedar

Dugout
ICWWI

Bludworrh

Net Flows
Saluria
Big Bayou
Porr

O'Connor
Cedar

Dugout
ICWWI

Bludworth

-114.91
-34.67
-40.65

-288.66

-255.70

63.26
24.92
24.81

-155.22

-142.16

-132.83
-20.61

-9.69

-218.41

-199.70

-295.79
-94.42

-132.92

136.30

111.90

168.82 -1.624.24
56.85 -521.73
-9.40 -489.00

181.62 -574.15

151.79 -505.56

-333.28
-121.46
-155.30

136.92

116.80

-210.15
-94.90

-151.83

269.74

228.74

119.82
45.11
30.97

-57.98

-62.19

-13.97 -8.63
0.71 8.74

-19.12' 10.03

6.96 -60.05

-6.75 '-63.99

-209.57
-75;11

-133.58

115.69

89.71

Fisheries harvests were available on an annual basis for
this estuary. For this analysis, theh~estratewas distributed
equally across the months. Numbers for 1984 and 1987
harvests are presented as part ofthe inflow-harvest regression
analysis (Section 6.9). Some additional assumptions were
made to arrive at harvest losses: recreational harvest equals
commercial harvest from the bay; offshore harVest from zone
21 can be considered loss to the estuary when the harvest is
prorated by bay area to San Antonio and Matagorda bays
(SAB receives 36%); the mass ofa shrimp leaving the bay is
10% of its mass when harvested in the Gulf; from species
composition data in Zison et al. (1978), nitrogen is 2.5%,
phosphorus is 0.63%, and carbon is 25% ofthe harvest wet
weight.

Burial in bay sediments removes some nutrients from
cycling within the system. Most of the sediment activity
which can result in a fl~ of dissolved nutrients from the
sediment to the'water column orwhich results in assimilation
ofmaterial into the benthic biota takes place in ,the top few
centimeters ofbay mud. A generous.,l 0 cm active depth was

assumed here. Considering only the dissolved fraction'and
fine particulates within this layer as available, sediment
carbon is approximately 1% by dry weight and nitrogen is
0.1 % (Patrick L. Parker"University ofTexas Marine Science
Institute, unpublished data; pers. comm.11990). Based ~n
a phosphorus-ta-nitrogen ratio of 0.82:1 calculated from
TNRCC Statewide Monitoring Networklediment samples,
thesediments contained approximately0.d82% phosphorus,
drY weight. Steed (1971) presented data ihat indicates that
sediments at a 20-22 cm depth in upperlSan AhtonioBay
averaged 34% less total organic carbon Ope) than surface
levels, and that below this depth T0C; content did not
change appreciably. This can be translate4 into acarbon loss
rate in conjunction with information on the rate ofburial of
surface sediments, which should be close to the average rate
ofsediment deposition. Shepard (1960) estimated an average
sedimentation rate of 0.8 ft per hundred years, or 0.20 cm
per year. From the above assumptions plus an assumed 50%
water content of the top 10 cm sediments, a general rare of
carbon burial can be calculated. For the purpose of
constructing nutrient budgets here, ratios of surface-to-
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Nixon (1987) argues that basing an estimate ofshort­
term sediment deposition rate on long-term sediment

subsurface phosphorus and nitrogen eqUal to the observed
carbon ratio were used to extend the carbon burial rates to
these other elements~ Burial rates were assumed applicable
to the entire estuary.,

Figure 7.3.1. Conceptual relationship of tid.a.l flowS and net flows used to
,calculate water exchange and balances. Vanous flows are defined as
foUows: A =freshwater inflows; B 'and C =net flows; OJ and Ei =tid.a.l
infloWs; Do and Eo =tid.a.l outflows; and entwned tidal volumes =0.5-D j ,

0.5-0
0

, 0.5-Ej , and 0.5~Eo' In the above scenario. total flow from Aransas
Bay =0.5-E j • and total flow to Aransas Bay =C + 0.5-Eo'

Water column storage. The balances inelude not only
rates ofinput and loss, but also a water column storige term.
This represents the change in concentration of nutrients in
the estuarywater column from beginning to end ofthe stUdy
period. This term accounts for a net increase or decreaSe in
nutrients held in the active system. For this analysis, changes
in water column nutrient mass were based on bay-wide
average 'concentrations and total bay volume.

Nitrogen budget. Results for the basic total nitrogen
balance for 1984 and 1987 are presented in Tables 7.3.4 and
7.3.5, respectively. A s~mary of the annual totals for
nitrogen is presented in Table 7.3.6. Some general
conclusions are suggested in this summary. The total
nitrogen loading from surface inflow sources in the high­
flow year was approximately five times the loading in the
low-flow year, but when tidal and rainfall inputs were also
included, the years differed by a facror of only three. The
maSs of nitrogen exported by the estuary is also about three
times higher in 1987 than in 1984. However, the proportion
of input nitrogen exported from the estuary in high- and
low-flow years is more similar, 58% and 69%, respectively.
Losses of nitrogen to biological and geological sinks are
significant, 10% of 1987 inputs and 22% of 1984 inputs.
These estimates of loss seem conservative in comparison to

a~ulationmay bias results. Lo~-tertn sedimenrhistory
incorporates episodic large inputs of sediment from major
floods and· storms, and so may not truly indicate routine'
deposition rates.

Results of Nutrient Budgets,

MataQorda
Bay

~ B

Gulf of Mexico

~__ A

Table 7.3.3. Water balance summary for me Guadalup<: Estuary, including tidal exchanges derived from simulation fory~ 1984 and 1987.
in millions of m3. .

Type and Jan Feb Mar Apr May Jun Jul 'Aug Scp Oct Nov Ike
location

1984
. Freshwater

input 156.1 71.2 109.4 38.2 83.3 24.2 38.0 70.8 62.9 297.6 128.1 103.0
Evaporation 33.8 '46.8 53.5 72.8 86.4 103.7 112.3 11H 94.7 62.9 57.4 40.5
Total in 719.8 493.3 563.3 453.0 605.8 602.0 540.9 550.4 522.4 764.0 625..0 .590.5
Total out 770.2 486.0 510.5 536.4 509.2 559.1 494.7 441.5 609.8 573.8 592.4 5~2.7

Balance" -50.4 7.3 52.8 -83.4 96.6 42.9 46.2 108.9 -87.4 190.2 32.6 77.7

1987
Freshwater

input 416.5 372.3 394.3. 169.9 290.2 2.557.7 620.0 374.9 218.3 163.0 185.0 126.9
Evaporati~n 32.0 29.1 52.3 72.2 68.1. 81.5 103.6 129.1 109.9 80.3 50.8 27.8
Total in 947.8 . 995.3 931.7 702.7 1,228.9 3.191.1 1,250.4 1,107.4 803.3 664.6 752.3 817.4
Total out 1.208.4 756.6 1.09L2 857.3 405.4 3,852:5 969.9 762~8 593.9 594.8 700.7 ' 907.9
BaJaocea -260.5 238.8 -159.5 -154.5 ' 823.6 '-661.4 280.4 344.7 209.4 69.8 51.5 -90.6

• Balance = total)n - total out

/
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estimates for other estuaries (Seitzinger 1988; Nixon and
Pilson 1983), so they may be underestimates. In terms of
drainage basin sources only, biogeochemical sinks account
for 16% of 1987 nitrogen input and 52% of 1984 input.

The bayhasphysical and biological mechanismswhich
can retain some surplus inputs. This has imponant
implications for the ability of the estuary to maintai~
productiviry in spite oflarge flu~tions in nutrient supply.
Compare the two years with respect to the bottom line in
Table 7.3.6. In 1984, only 9% of input nitrogen was
remaining and could be accounted for as storage in animal,
plant, or sediment active pools. In 1987, approximately
33% ofinput nitrogen was remaining and not accounted for
in transpon or losses. Either there are significant losses of
nitrogen which were not identified in the budget, or this
nitrogen is retained. in some storag~ available for future
system use. Storage ofnutrients in upper estuarinesediments
and estuarine biota is a natural result of biogeochemical
processes. The nitrogen balance indicates that only in high
inflow years is the storage likely to be a large proponion of
inputs. Finally, the figures in Table 7.3.6 demonstrate that
nitrogen processes occurring in the Guadalupe Estuary

cannot be considered solely in terms of the flow from two
rivers. Gains from waters neighboring the estuary as well as
losses to them were more than twice as great in 1987 as in
1984. This may reflect generally higher inflows to the entire
middle Texas coast during 1987 as compared with 1984.

Phosphorus budget. The annual summary of the
phosphorus budget calculations is presented in Table 7.3.7.
In some ways phosphorus behaves differently than nitrogen
in the estuary. The mass ofphosphorus entering and leaving
the estuary was two to three times greater during 1987 than
during 1984. However, only 40 to 50% of this incoming
material left the estuary: Phosphorus concentrations in the
estuarinewater colUmn can begreatly influencedbyexchanges
to and from a fraction bound to clay panicles of the surface
sediment. The degree to which clays can adsorb phosphorus
is related to pH and salinity ofthe overlying water. Pomeroy
et al. (I965) have suggested that suspended clays and
sediments can control the water column phosphorus
concentrations within an estuary. It appears as though flux
of phosphorus from the water to the sediment may be
significant in the Guadalupe Estuary. With respect to total
inputs, the amount of phosphorus remaining and not

Table 7.3.4. 1984 monthly total nitrogen balance terms for the Guadalupe Estuary; units ~e millions of gm.

Load terms Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Water-borne inputs

Surface 439 366 543' 206 275 144 109 145 124 471 434 280
Rain 28 5 8 0 19 2 12 21 22 64 16 8
Gulf & 494 274 243 276 275 227 223 183 345 191 -297 231

Matagorda
Aransas 22 62 59 138 244 351 196 169 49 55 34 63

Toral input a 983 706 854 619 812 724 539 517 540 781 782 583

Water-borne outputs
Gulf & 189 231 277 318 436 503 387 380 239 426 304 354

Macagorda
Aransas 505 134 125 82 60 8 50 36 282 155 245 125

Total output b 694 365 402 400 496 511 437 416 521 582 549 479

Water storage 77- -133 71 -71 -28 44 44 -61 0 0 0 79

Balance c 217 473 381 290 344 169... 58 162 1~ 1~9 233 24
~ j

'J .I:~ '.,,; ." I'i l i'
Blogeochemid1losses

.\.~

,,-. <"
Denitrifying 126 126 126 126 126 126 126 126 126 126 126 126
Harvest 10.08 10.08 10.08. 10.08 10.08 10.08 10.08 10.08 10.08 10.08 10.08 10.08

Burial 17.7 17.7 17.7 17.7 17.7 . 17.7 17.7 17.7 17.7 17.7 17.7 17.7

Remaining d 63 319 227 136 190 15 -96 8 -135 46 79 -130

a Total inpu.t = surface input + rain input + Gulf & Matagorda input + Aransas input
b Toral output = Gulf & Matagorda output + Aransas output
c Balance = total input - total output - water storage
d Remaining = balance - denitrifying - harvest - burial
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accounted for by transport or loss is large, 30% to 60%. The
significant question may be how much ofthis phosphorus is
buried and how much is stored temporarily in the active
sediment pool.

Ctzrbon buJget. A complete carbon budget for the
estuary~ouldinclude exchange between atmosp~eric carbon
dioxide, dissolved carbonates, and organic carbon fixed by
primary production, as well as water column total·organic
carbon concentration. This has not been attempted for the
GuadalupeEstuary, since the availabilityofcarbon isgenerally
not considered acontrollingfactor for estuarine productivity.
A budget based on flows of total organic carbon (dissolved
and particulate) can address some concerns, however. First
there is the transport ofm~terialsinto and from the estuary,
in consideration ofthe heterotrophic metabolism that it can
support. Secondly, the balance between organic carbon
brought in by stream flow and the amount of carbon fixed
by primary production describes the type of metabolism
which predominates in the estuary. A summary of the
organic carbon balance for the Guadalupe Estuaryis presented
in Table 7.3.8. High freshwater inflows bring in a much
greater carbon input from terrestrial sources than lowinflows,
the 1987 amount was seven times the 1984 amount.·

However, when tidal exchanges are considered, the total
inputs during 1984 were onlyslighdy less than halfthe high
inflow year amount. The amount ofcarbon exported from
the system was similar both years in proportion to input
amounts. During both high- and low-inflow years, export
and other losses lefr deficits in the budget. The deficit
remainder in the· table relates only to the comparison of
exchange at the openings to the system. Within the estuary
carbon is gained and lost through other processes. The
apparent deficits are small compared to an annual yearly
primary productiviry for the estuary, which is on the order
of 250 million kg C (from data in MacIntyre and Cullen
1988). However, ourknowledge ofproductivity, respiration,
and changes in storage within the primary producer
compartment of the system is limited. This hampers
calculation of a full comparison of internal versus external:
contributions to the estuarine carbon budget.

Conclusions

The description of the gross balances of nutrient
masses within the estuary is only a prelude to understanding
the assimilation of nutrients into a healthy and producttve
biological communiry. Studies on several estuaries,

Table 7.3.5. 1987 monthly total nitrogen balance terms for the Guadalupe Estuary; units are millions of gm.

Load terms Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Water-borne inputs
Surface 1.189 968 1,349 645 813 7,087 1,862 909 558 542 45i 448

Rain 13 29 4 0 22 43 27 17 11 11 17 5
Gulf & 889 656 582 638 537 583 172 171 940 572 415 391

Matagorda
Aransas 144 15 102 420 539 197 378 670 67 145 146 416

Totai inpura 2,236 1.668 2,037 1,704 1,911 7,909 2,439 1,766 1,575 1,270 1.033 1,260

Water-borne outputs
Gulf & 736 531 581 959 221 3,500 1,259 1,059 510 478 365 588

Matagorda
Aransas 537 456 501 69 78 1,297 57 15 200 120 283 111

Total outputb 1.273 987 1.082 1,028 1,298 4,797 1,316 1.074 709 598 648 699

Water storage -143 -30 -30 101 101 -168 -168 -31 -31 79 79 -14

Balance' 1.106 710 984 575 511 3,279 1,291 723 897 593 307 575

Biogeochemical losses
Denitrifying 126 126 126 126 126 . 126 126 126 126 126 126 126
Harvest 83.7 83.7 83.7 83.7 83.7 83.7 83.7 83.7 83.7 83.7 83.7 83.7
Burial 17.7 17.7 17.7 17.7 . 17.7 17.7 17.7 17.7 17.7 17.7 17.7 17.7

Remaining<' 879 483 757 347 284 3,052 1,063 496 670 365 79 348

a Total input =surface input + rain input + Gulf & Matagorda input + Aransas input
h Total output =Gulf & Matagorda output + Aransas output
c Balance =total input - total output - water storage
d Remaining =balance - denitrifying - harvest - burial
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Table 7.3.6. Summary of total nitrogen (IN) mass balance in 1984, the
low-flow year, and 1987, a year ofvery high flows. Units are millions of
gm nittogen in the estuary as a whole.

Table 7.3.7. Summary of total phosphorous (TP) mass balance in 1984•
.the low-flow year, and 1987, a year ofvery high flows. Units are millions
of gm phosphorous in the estuary as a whole.

Load terms 1984 1987 Load terms 1984 1987

Water-borne inputs
Surface
Rain
Gulf & Matagorda
Aransas

Total input a

Water-borne outputs
Gulf & Matagorda
Aransas

Total output b

Water storage

Balance c

Biogeochemical losses
Denitrifying
Harvest
Burial

Remaining d

3.535 16.826
205 197

3,258 6.545
1,441 3.238
8,440 26,807

4,043 11.787
1,808 3,723
5,851 15.510

19 -254

2,569 11,551

1.512 1.512
121 1.004
212 212

724 8,822

Water-borne inputs
Surface
Rain
Gulf & Matagorda
Aransas

Total inputa

Water-borne outputs
Gulf & Matagorda
Aransas

Total outputb .

Water storage

Balance"

Biogeochemical losses
Harvest
Burial

Remainingd

1.136 2,923
62 60

217 348
138 356

1.554 3.687

402 1,389
182 572
584 1,961

-126 31

1,096 1.685

30 557
175 175

891 963

a Total input = surface input + rain input + Gulf & Matagorda input
+ Aransas input

b Total output =Gulf & Matagorda output + Aransas output
c Balance = total input - total output - water storage
d Remaining = balance - denitrifying - harvest - burial

summarized in Whitledge (l989a, 1989b), Armstrong
(1987), and in other sections ofthis report, begin to establish
the processes, rates, and interactions which are important to
the ecosystem. Through the exercise ofcalculating nutrient
loadings and balances, it is possible to appreciate the relative
influence of inputs from all inflow sources on the estuarine
ecosystem.

Comparison ofsystem function during a dry year and
a wet year is important given the common fluctuations in
inflows Texas estuaries experience. Because mechanisms of
geochemical and biochemical trapping are dependent on a
variety of factors, the relationship between nutrient input
and losses is.not a simple function of inflow rate. Total
nitrogen inputs to the Guadalupe Estuary in 1987 were 3.2
times the level in 1984. Yet the total export ofnitrogen from
the system in 1987 was greater than 1984 by a factor ofonly
2.7. Thus, the estuary accumulated nitrogen in 1987. The
comparative carbon budgets show the same pattern.
Proportionately more carbon was input to the estuaryduring
the wet year than was exported. Apparently, differences in
geochemical cycling between phosphorus and the other

a Total input =surface input + rain input + Gulf & Matagorda input
+ Aransas input

b Total output =Gulf & Matagorda output + Aransas output
c Balance = total input - total output - water storage
d Remaining = balance - harvest - burial

nutrients cause phosphorus to follow a different pattern.
The ratio ofphosphorus inputs in the wet over the dry year
was 2.4, but thewet-to-dry-year export ratio was 3.1. During
the dry year, the estuary was able to retain more of this
nutrient.

Although the budget remainders include unknown
error, it may be useful to compare the relative amounts of
nutrient inputs which cannot be accounted for in transport
out of the system or in other losses, between high- and low­
inflow years. The amount which remains is potentially
stored to supply futur~ production. In this regard, it is
noteworthy that the total remaining nitrogen in 1987 was as
much as the total nitrogen input in 1984. Though
considerable effort was involved in determining loading
rates and rates ofbiological processes which affect the fate of
nutrients in the estuaries, there is still much uncertainty in
some ofthe estimates ofrates used in budget calculations. In
particular, continued work on the effect oftemperature and
salinity on biological and geochemical process rates, and
work on interactions within the biological community that
affect sediment-water exchanges, would increase the accuracy
of the budgets.
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Table 7.3.8. Summary of total organic carbon (fOC) mass balance in
1984, the low-flow yeat. and 1987, a year ofvery high flows. Units are
millions of gm organic carbon in the estuary as a whole.

8.524 57,914
0 0

17,706 13.563
7,953 12.549

34,183 84,026

21.446 47,067
10.293 21,566
31,739 68,633

-69 -979

2.513 16,372

1.212 22,140
2.124 2.124

-823 -7,892

Load terms

Water-borne inputs
Surface
Rain
Gulf & Matagorda
Aransas

Total input a

Water-borne outpUts
Gulf & Matagorda
Aransas

Total output b

Water storage

Balance c

Biogeochemical losses
Harvest
Burial

Remaining d

1984 1987

AsseSsing the Limiting Nutrient

Nitrogen. For the Guadalupe Estuary, as well as for
many other estuaries, nitrogen is considered the nutrient
most likely to control production (Whidedge 1989a);
therefore, nitrogen is an appropriate indicator nutrient.
Ideally, an estimated minimum nitrogen loadinglevel should
be based on a relationship between nitrogen input and
estuaryproductivity. However, there are notenoughestimates
of primary or secondary productivity for Texas estuaries to
construct a relationship. Loading rates influence
concentrations in the bays, but using bay concentrations
alone to establish a minimum loadingwould be problematic.
Concentrations also depend on the bay retention time and
biological processes, such as uptake and regeneration rates,

. which are strongly influenced by temperature and other
factors. Instead ofdefining the relationship between inflow
and nitrogen concentration, a relationship can be developed
between inflow and the amount ofnitrogen available to the
estuarine food chain. Estimates ofthe proportion of inflow
nitrogen potentially available for production can be derived
from calculations ofa nitrogen budget for the estuary. These
data lead to estimations of mini~al loading needed to
sustain estuary productiviry.

7.4 A MINIMUM NITROGEN LOADING
CONSTRAINT FOR THE GUADALUPE ESTUARY

a

b

c

d

Total input = surface input + rain input + Gulf & Maragorda
input + Aransas input
Total output =Gulf & Matagorda output + Aransas output
Balance = total input - total outpUt - water storage
Remaining = balance - harvest - burial .

Nutrient budget computations completed for the
estuary (presented in Section 7.3) provide information on
the rates ofnitrogen losses to the estuary against which rates
of inputs can be balanced. The estuary loses nitrogen to

interbay transport, through fisheries' harvests, and through
denitrification and burial in the sediment.

Introduction

Amajor concern in assessing effects ofwater resource
developments on bays and estuaries is maintenance of
biological productivity in those waters. Both quantity and
quality of freshwater inflows affect estuary productivity.
Dissolved nutrients pose a particularly important question:
will an estuary receive insufficient or excessive amounts as
a result ofdevelopments upstream? Because reservoirs are
considered to be nutrient traps (Hannan 1979), one concern
in planning a reservoir above an estuary is that it would
deprive the estuary of nutrients. This concern can be
addressed by estimating the potential characteristics ofthe
reservoir and by calculating estuary needs. A methodology
is discussed here for assessing the amount of nutrients
needed by an estuary from freshwater inflow. Describing a
minimum nutrient load asa constraint in the mathematical
programming model is an appropriate way to address an
estuary's nutrient needs in the context of other competing
planning considerations.

Sediment storage. The sediment serves as both sink
and source in the estuarine nitrogen cycle (Section 5.5).
Guadalupe Estuary sediments support an average flux of
NH3 back into the water column of 1.3 billion gm per
month (Benner and Yoon 1989). Other processes deposit
nitrogen on the sediments from the water column. Indeed,
in shallow estuaries such as those ofthe Texas coast, the loop
from sediment to water column and back can drive much of
the system productivity (Flint et al. 1983). The point is that
there is nutrient storage in the estuary and this is a dynamic
storage which maintains productivity levels. Assuming an
even distribution ofsediment types in the est.uary, a 10 cm
active depth and a 0.1 % nitrogen content by dry weight
(Section 7.3), the sediment nitrogen pool in this estuary can
be estimated as 2.2 billion gm. This is between one and two
orders of magnitude larger than average monthly nitrogen
loading or average bay water column nitrogen content (data
in Section 7.3; estuary concentration from Section 7.2
multiplied by estuary volume). This means that the active
sediment layer has some capacity to provide nitrogen to the
water column and thus sustain bay productivity between
episodes of nitrogen delivery.
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Table 7.4.1. The relationship between surface inflow and dis­
solved riirrogen remaining in the Guadalupe Estuary,after budget
calculations.

this important, interaCtivenutrientstorage in estuarine
sediments is, however, finite. Burial and denitrification
deplete the sediment nitrc:>gen store. An estimate of the
average rate ofdenitrification which removes 'fixed nitrogen
from the sediments is 126 million gm per month for the
entire bay (Benner and Yoon 1989). Burial could remove
nitrogen from the active sediment layer at a rate of
approximately 35 million gm per month (Section 7.3).
Under the assUmption that these rates remain constant, the
above estuarine pool ofsediment nitrogen would last just 14
months without replacement.

Year

1984

1987

Inflow
(acre-ft)

708,260

5,430,970

Nitrogen remaining a
(I06gm)

724

8,822

Aithough there are uncertainties associated with these
estimates of rates ofloss, it is apparent that the sediment's
capacity to maintain bay nutrient levels is on the order ofone
year without renewal. An approach, then, to defining a

, minimal nitrogen loading regime would be to determine a
yearly loading rate ,which would maintain the average
sediment nitrogen storage nowobserved. Unfonunately, the
relationship between freshwater inflows andsystem nitrogen
storage is difficult to assess directly. In particular, very few
measurements of sediment nitrogen content are available,
and the variation among these measurements is typically
much higher than the amount of change which wOLYd be
expected to result from annual variation in inflow volumes.
Therefore, the nutrient budget approach is used to derive
estuary system nitrogen'storage. This is an indirect estimate,
based on the assumption that a large proportion ofnitrogen
which is not removed by transport, harvest, burial, or
denitrification remains stored in the system.

Minimum Nitrogen Loading Requirement

Estimate 0/ inflow volume. From the contrasting
nitrogen budgets constructed for the estuary for high~inflow
and low-inflow years (Table 7.3.6), we can derive a first­
order estimate of the inflow volume needed to maintain
nutrient levels in the estuary and the sediment nutrient
reservoir. The nitrogen budget demonstrated that the
estuary was only marginally accumulating surplus nitrogen
in the low-flow year, but had a substantial excess for storage
irl the high-flow year. Table 7.4.1 gives these figures and
presents a simple linear relationship between inflow and
reserve nitrogen. This relationship describes the amount of
nitrogen stored in the system to provide for continued
production and defines an inflow constraint. A yearly inflow
which would not result in estuarine nitrogen depletion (that
is, remaining N is greater than zero) should be more than
286,000 acre-ft. This flow is approximately the 95% yearly
exceedance flow.

Limitations to the method. It is possible that the
relationship between inflow and remaInIng nitrogen is
nonlinear, and it would be desirable in a r~ application of

a Using the two points in the table to define a line, N remaining
=-490.8 + 0.0017148 * inflow

this approach to derive a constraint from more than two data
points. Additional data points can be calculated in the
manner described in Section 7.3, using flow results from the
circulation model and measured values from other sources.
However, basing a constraint on nutrient budget results
establishes a good foundation for the constraint, since many
aspects ofestuarine function are incorporated into nutrient
budget results.

7.5 SEDIMENT LOADING IN THE GUADALUPE,
ESTUARY'

Sediment History of the Guadalupe Estuary

When sea level began to rise at the end of the late
WisconSin glaciation 18,000 years BP (bef~re present), the
head oftoday's San Antonio Bay was an eroding river valley
that extended inland about 8 km (5 mi) 'northwest ofGreen
Lake, close to the boundary dividing Calhoun and Victoria
counties. Matagorda.Islan~, as we know it today, did not
exist; the river valley extended out into what is now the Gulf
of Mexico. The borrom of the old river cha'nnel, where it
crosses the present site ofMatagorda Island, was 24 m (80 ft)
below today's sea level (Shepard and Moore 1960). With the
rise ofsea level, waters ofthe GulfofMexico entered the river
valley about 9,500 years BP (Shepard and Moore 1960), and
the waters of the Gulf approached their current level about
2,800 years BP (McGowen et al. 1976b). As sea level rose
and stabilized, Matagorda and San Jose islands grew from a
series ofsmall islands that formed when sand was transported
landward (McGowen et aI. 1976b).

Since Gulf waters entered San Antonio Bay, enough
sediment has been' transported into the bay from the Gulf
and the contributing rivers to reduce the depth ofthe bay to

an average of 1.4 m (4.6 ft) below today's sea level, with the
deepest area less than 3,7 m (12 ft) (Diener 1975). Sediment
transported bythe Guadalupe and SanAntonio rivers allowed
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the river delta to prograde (expand into the bay}some 24 km
(15 mi) to its presentlocation (McGowen et al. 1976b). The
influx ofsediment has varied from none, at the beginning of
'the period ofsea-level rise, to amounts greater than today's
influx, during occasional periods ofwetter conditions s~ch

as the Little Ice Age that occurred between the 15th and 19th
centuries.

The portion of the Guadalupe Delta that protrudes
into San Antonio Bay below Mission Lake (Figure 75.1)
developed over the past 2,000 years (Shepard and Moore
1960). It was built as a series of small adjacent lobes that
formed and melded together (Section 4.4). The area of
active delta buildingwas always much smaller than the entire
delta that exists today. At one time, the Guadalupe River ran
all the way to the southeastern tip of the delta; an old river
channel can still be seen in photos and maps. During the past
century, most delta-building has occurred in the vicinity of
the north and south forks ofthe river, in the lower delta. In
1935, Traylor Cut opened through the eastern bank of the
river into Mission Lake; the cut provided the opportunityfor
the river to begin building a new subdelta lobe into the lake.

During a20-year period ending in the 1970's, logjams
,directed about two-thirds ofthewater and sediment through
Traylor Cut; the remainder flowed to the lower portion of
the delta (Morton and McGowen 1980). When the logjams
were removed, the distribution of water and, suspended
sediment between Traylor Cut and the lower portion ofthe
delta was about equal. During periods ofnormal flow, most
ofthewater flowing into the lower portion ofthe delta moves
through the south fork ofthe river due to large accumulations
ofhyacinth in the north channel. A road along the western
side of the Guadalupe River and the natural river bank and
levee blocks most water and sediment from reaching the
western part ofthe delta and Hynes Bay, except during major
floods.

, Sediment provides two ingredients to the Guadalupe
Estuary: nutrients attached to the sediment particles; and

building materials for the delta, adjacent marshes, 'and bay
bottoms. Nutrient requirements for inflows have, ~en
considered in sections 7.3 and 7.4. Thi~secti~nwill fQC~ ~n,

sediment as a construction material that providesnec~
'. physical structure and bathymetry for estuaries.,Sediment in
deltas and the upper portions of esruaries is subject t,o the
natural processes of transport, deposition; resuspension,
erosion, and subsidence. These processes are difficult to
quantify, and some have high day-to-day vari;l.tion. While
the sediment load carried to the estuary duri~g the past 4,0
years is known, sediment loading over the past 10,000'years
has varied widely, so it is difficult to determine how today's
sediment loading compares ,with earlier sediment inpuc
Bay-filling and subdelta-building processes can be'd~ribC:d
qualitatively and a few estimates ofhistorical r~tes for these
processes are available, but quantitative relationships that
equate sediment loading with the area or rate of groWth of
delta and shallow-water habitat do not currently exist.
Therefore, ir is necessary to take a simple approach so that a.
quantitative relationship between sediment loading and
physical structure can be created for use in an analytiCal'
model for assessing inflow requirements. '

River-borne Sediment Delivered to San Antonio Bay

Quantity delivered. The sediment load of rivers
consists of two components: suspended sediment, th~ fine
material carried in the water column; and bedload, the co'arse
particulate matter that moves along the bottom. Suspended
sediment dominates the sediment loadpfthe Guadalupe and
San Antonio rivers; bedload is less than 3% ofthe total load,
(Morton and McGowen 1980). The majority of the rivers'
sediment load is clay, with a lesser amount of fine silt. For
this analysis, bedload is estimated to be 2% ofthe suspended
load. Since suspended'load has been the only componeilt
systematically measured in these ri~ersystems, the suspended
values have been increased by 2% to estimate total sediment
load for the analysis. ' '

Table 7.5.1. Annual quantiryofsediment that would be required ro offset the relative sea-level rise of the
lower Guadalupe Delta.

Equation
number

Description and equations

Sediment required for lower Guadalupe Delta to offset relative sea-level rise.

Where: Rate of relative sea-level rise = 8 mmlyr = 0.008 m/yr

Lower delta area =2,556 ha

0.008 mlyr· 2,556 ha • 10,000 rn2/ha = 204,480 rn,3/yr
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Gulf of Mexico

Figure 7.5.1. Map of the Gua<bJupe Estuary and delta.

PartiCulate organic material is transported by the
Guadalupe and San Antonio rivers and measured as part of
the sediment load. During normal river flow, the particulate
organic material ranges from 1 to 22% ofthe total load, with
~ average of 10% (Childress et al. 1975). Steed (l971)
found that 11.5% ofthe particulate organic carbon that was
transported into the Guadalupe Estuary by the river was lost
to the bay sediment. Steed also found that the surface
sediments in Mission Lake, Guadalupe Bay, and upper San
Antonio Bay contain 1.5% or less organic carbon, and
assumed that little of the organic content of the surface
sediments came from primary production in the water
column. Recentstudies in SanAntonio, Corpus Christi, and
Nueces bays have shown that microphytobenthos--algae
mixed into the sediment-are present in the upper few
centimeters of bay deposits (MacIntyre 1988; MacIntyre
and Cullen 1988; MontagnaandYoon 1989). Ifthe average
particulate organic content of the sediment load from the
rivers were 10%, and 11.5% of this organic material were
deposited in the sediment, the organic content of newly
deposited sediment would be about 1.15%.
Microphytobenthoscould constitute the remaining 0.35%
(= 1.5% - 1.15%) of the sediment organic matter. Thus,
microphytobenthos could contribute up to 23% [= (0.35%
/ 1.5%) * 100%] of the organic content of the sediment,
consistent with Steed's observation that only a small p'ortion
of the organic content comes from production in the water
column.

The quantitative relationship between annual gaged
inflow and annual sediment load is shown in Figure 7.5.2.
This relates the annual sediment load and gaged flow at the
San Antonio and Guadalupe rivers' stream gages at Goliad
and Victoria. The data is taken from the USGS stream gage

data and 1WDB sediment load data collected from 1946
through 1985.

There are 30,554 ha (75,500 acres) of ungaged area
below the gaging stations and around the estuary which may
contribute to the total sediment load. Reineck and Singh
(l980) note that the sedimentation rate on land from 'rivers
that primarily carry suspended sediment is low, but some
deposition occurs in bank benches and on the floodplain
during high water. BeSt (l986) noted that deposition may
occur at the confluence oftwo rivers such as the SanAntonio
and Guadalupe. The processes of deposition upon and
erosion from the floodplain tend to offset each other. Since
there is a lack of good quantitative information for either
process in the lower part ofthe Guadalupe and San Antonio
river basins, we assUII\e that the sediment eroded from the
ungaged area and carried to the rivers equals the amount
deposited in the floodplain and along the river bank. For this
analysis, the ungaged area contributes no sediment to the
delta, and the total load carried by the river is represented by
the measurements at the stream gages.

From data collected bythe1WDBfrom 1946 through ,
1985, the average annual total sediment load was 815,805
m3/yr(661 acre-ftlyr), withastandarddeviationof619,416
m3/yr (502 acre-ft/yr). The measurementsvaried from a low
of90,220 m3/yr (73 acre-ft/yr) to a high of3,053,646 m3(
yr (2,476 acre-ft/yr). Details of where deposition has
occurred are known only indirectly from studies that have
compared delta area and bathymetry over a span of time
(Shepard and Moore 1960; Donaldson et al. 1970). Note
that the sediment volumes given above are presented on the
basis ofsediment that has reached its ultimate consolidation,
with a densiry of 1,121.4 kg/m3 (70Ib/ft3).

Lower portion ofthe delta. The lower delta below'
Traylor Cut (Figure 7.5.1) that protrudes into San Antonio
Bay has an ,area of 2,556 ha (6,315 acres). From marsh
inundation modeling studies (Hauck et al. 1976; TDWR
1981a), the southern portion of the lower delta below the
south fork of the Guadalupe River rarely receives flood
warers from the river. Mission Lake, Guadalupe Bay, the
lower Guadalupe Delta" and the upper portion of San
Antonio Bay are experiencing a relative rise in sea level. No
direct measurement of the rate of sea-level rise is currently
available for the Guadalupe Delta area, although a relative

, rise ofabout 8 mm/yr (0.3 inches/yr) has been estimated in
the Colorado River Delta, based on the assumption that
recent sedimentation has kept pace with sea-level rise rw.A.
White, Bureau ofEconomic Geology, University ofTexas at
Austin; pers. comm. 1990). Since the Colorado Delta is the
nearest delta site with a recent relative sea-level rise estimate,
we ass.ume that the same rate of sea-level rise holds for the
lower Guadalupe Delta and surrounding bay areas.
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0.96655
Sediment =0.78742 * Q
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Q. gaged inflow (acre-ft/yr)

Figure 7.5.2., Relationship between the annual sediment load and the
annual gaged river flow [0 the Guadalupe Esruary. Annual values were
summed from dailyvalues'at gaging stations at Goliad (San A.tltonio River)
and Victoria (Guadalupe Rivet). The period of record is 1946 through
1985.

Relative sea-level rise consists of two components, a
decrease i~ elevation of the land due to compaction of the
sediments and a eustatic sea-level rise independent of land
sinking. Ifthe southern ponion ofthe lower delta below the
south fork ofthe river is to remain emergent, material must
be deposited on it to offset the relative rise in sea level. On
the basis of area alone, the lower delta would requir:e'
204,480 m3 (166acre-ft/yr) ofsediment to offset the 8 mml
yr relative rise in sea level (Table 7.5.1, equation 1). This
estimate does not include any organic material that may be
produced by delta plants and deposited there.

The TDWR (1980b) determined that the daily peak
flow needed to initiate delta inundation was 7934 acre-ftl
day. During the periOd 1941 through 1987, there were
2,154 days with peak gaged flows equal to or greater than
7,934 acre-ft/day. During the 47-year period, the quantity
'ofwater flowing to the bay that exceeded 7,934 acre-ft/day
and overflowed the river banks was a little less than 32% of
the total volume. Therefore, on average, no more than
about 32% of the sediment load (261,058 m3/yr or 212
acre~ft/yr)was available to flow over the subaerial (emergent)
ponion ofthe lower Guadalupe Delta and be deposited; the
rest was transponed through Traylor Cut into Mission Lake
or by the river channel into Guadalupe Bay. This estimate
assumes that the relationship between gaged flow and
sediment transponed is linear, true over much of the range
of flows. During periods ofvery high flows, the sediment
load per volume of water actually declines, according to
TDWRmeasurements. Therefore, the 32% percentestimate
is an upper limit on the amount available for deposition.

During flood conditions on a low tide, the ponion of
the lower delta that lies betWeen Mission Lake and the south
fork ofthe river can be inundated. During flood conditions

on a high tide, the southern ponion ofthe lower delta below
the south fork of the river, and the upper delta between
Highway 35 and Mission ~e may be inundated (TDWR
1980b). The lower and upper delta areas are approximately
the same size, so the amount ofsediment that is available for
deposition may have to supply an area about twice the size of
the lower delta. Even if it were possible to direct the entire
flood flow to the lower delta, especially the ponion below the
south fork of the river;it would have to trap about 78% of
the 261,058 m3/yr (212 acre-ft/yr) ofsediment available for
deposition to provid~ the 204,480 m 3/yr (166 acre-ft)
needed to offset sea-level rise. This is an unrealistically high
rate of retention, especially since the sediment load is
dominated by clay-size panicles which remain in suspension
even with low-flow velocities.

The emergent ponion ofthe lower delta continues to
,undergo subsidence under present inflow conditions. A
series ofaerial photographs of the lower delta taken during
the period 1939 through 1979 show a gradual increase in the
open water area oflakes within the delta (White and Calnan
1990a), a sign of deterioration in the normal growth and
decay cycle. Sedimentcarried by the river under normal flow
does not reach ponions of the delta below the south fork of
the river, and flood flows do not carry enough sediment to
offset the relative 'sea-level rise. One must conclude that the
only way the lower ponion of the delta will receive the
additional sediment needed to offset the relative sea-level rise
through natural processes and the present water distribution
pattern is bysubsiding funher and waiting for the deposition
currently under way in Mission Lake to return to the lower
delta.

UPP" portion ofthe delta. According to modeling
studies ofthe TDWR (l980b), the delta above Mission Lake
and below Highway 35 is inundated during high tides with
gaged flows greater than 7934 acre-ft/day, or by gaged flows
greater than 13,885 acre-ftlday under normal tidal conditions.
Using the 13,885 acre-ft/daycriterion and gaged flow records
for the SanAntonio and Guadalupe rivers, flows sufficient to
flood the upper ponion of the delta occurred an average of
five times each year; flows greater than 7,934 acre-ftlday
occurred about seven times each year. Consequently, only
two ofthe average seven floods per year were in the range of
7,934 to 13,885 acre-ft/yr; the rest were greater than 13,885
acre-ft/yr. Tide gage data is not available for most ofthe 47­
year period; consequently, it is not possible to determine
how many inundations resulted from the combination of
high tides and inflows greater than 7,934 acre-ftlday but less
than 13,885 acre-ft/day. Therefore, on average, there are
five to seven inundations of the upper delta per year.

No direct measureinents are available to showwhether
the upper delta is sinking relative to sea level. This pan ofthe
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Guadalupe Delta region is older than the lower delta; it has
existed for more than 2,00q yeatS, and the area fronting
Mission Lake is, one of the older parts of the upper delta
(W.A. White, pers. c0!Dm.). While the upper delta
occasionallyreceives flood waters from the Guadalupe River;
the deeper underlying s~diments have had a long time to
compact and consolidate; comp~ctional subsidence ofthese
deltaic deposits may be very low. Inspection ofmaps based
upon 1957 aerial photography, and photos made in the
1970's and 1980's does not show the expansion of open
water areas on the upper delta that is clearly evident on the
lower delta. The size and shape of the,open water areas on
the, upper delta ha~e been very 'constant over it 30:-yeat
period., ' ' ,

State Highway 35 was built across the upper delta and
includes a leveed roadway, arid sevetal bridges sp~ning the
Guadalupe River and smaller bayous. The bridges were built
upon pilings that have been driven deep into the deltaic
deposits to solid substrate. Ifcompactional subsidence were
occurring on the old delta deposits, sinking of the road and
levee would be evident com.pared to the bridges,that rest on
solid substrate. Highway engineers familiar with Highway
35 in the Guadalupe River floodplain note that differential
subsidence between the bridges and the road has not been a
problem (Billy D. Parks, Texas Highway Department,
Yoakum, TX; pers. comm. 1990). Only a small amount of
patching between the highway and the bridges has been
required and was entirely attributable to settling within the'
man-made levee and leaching of sediment from rainfall.
Therefore, it is likely that any relative sea-level rise with
respect to the upper delta area is the result ofeustaticsea-level
change only, not sediment compaction. '

Flood water reaching the upper delta spills out of the
river bank northwest of Highway 35, spreads'over the
floodplain and GreenLake, passes under several Highway 35
bridges to the upper delta south of the highway, and then
spreads out again until it enters Mission Lake. When the
flood water first enters the floodplain and Green Lake above
Highway 35, the water velocity slows and coarser fractions
ofthe suspended load can be deposited. Cons~q~ently, it is
unlikely that the suspended load of water that floods the
delta between Highway 35 and Mission Lake is as great as the
suspended load carried by wat~rs when they leave the river
above Highway 35. Since no direct elevation measurements
are available from the area, it is not possible to determine

. whether there is any deposition of ~diment from flood
',. waters 0'0 the upper 4elta. .

Mission lAke and San Antonio Bay. Since Traylor
, Cut breached the eastern bank of the river in 1935, 50 to

65% of the normal river flow has gone into Mission Lake.
Measurements of the depth of Mission Lake made in 1935
and 1965 and reponed by Donaldson et al. (l970) show that

the average depth of the lake ~hanged fr,om less than 1.5 m
(5 ft) toless than 0.6 m (2 ft) over the 31-year period. For
purposes ofcalculation, we interpret ~his tom~ an average
depth change of0.91 m (3 ft). Duri,ng the same time span,
the relative rise in sealevel around.thedelta~as0.25 m (0.81
ft) (Table 7.5.2, equation 1). Since the depth measurements
of Mission Lake were made relative to sea level, the total
depth ofsediment deposited during the 31-year period must
be corrected to include the relative rise in sea leyel; therefore,
the depth ofmaterial that was deposited in th~t time ~riod
was 1.16 m (3.81 ft) (Table 7.5.2, equation 2). Using the
average surface area of Mission Lake (Diener 1975), the,
volume change in the lake during 193'5 through 1965 period
was 9,906,400 m3 (8,034 acre-ft) (Table 7.5.2, equation 3).

Sediment initially deposited on the bottom ofMission
Lake is not consolidated and contains water, some ofwhich

, is expelled dUring compaction. Steed (1971) noted that the
water content ofthe upper sediments may be 50%. Shepard
and Moore (1960), sampling at several sites in San Antonio
Bay, found the water content ofthe bay sediment to be 50%
neat the sediment surface, falling to as low as 30% at 18 m
(60 ft) belpw the surf;lce. For this analysis, we assume a 50%
water content fOf the top 0.61 m (2 ft) ofsediment, and 40%
water content below that depth. Since the sediment in the
top 1.16 m oflake bottom contains 40 to 50% water, the
actual amount of particulate matter deposited constitutes
only slightly more than half of the lake's volume cp,ange,
calculated above. The volume of the sediment deposited i'n
Mission Lake which reduced the depth to less than 0.6 m (2
ft) was 5,422,900 m3 (4,398 acre-ft) (Table 7.5.2, equations
4a, 4b, and 4c). Sediment load measurements for both the
San Antonio and Guadalupe rivers before 1946 are not
available. Therefore, we assume that the average sediment
lOad during the period 1935 through 1945 is the same as the
average average load during the 1946 through 1986 period.
On this basis, the total sediment load delivered to the estuary
from 1935 through 1965 can be estimated and compared to
the quantity ofsediment actually retained in Mission Lake.
Equation 5 in Table 7.5.2 shows that the lake retained 21 %
of the sediment delivered by, the rivers.

The depth ofMission kke has continued to decrease
since 1965. TheTraylor Cut subdelta has grown and now
includes an emergent ponion, decreasing the area ofthe lake.

.Steed (1971) reponed the depth to range between 0.3 and 1
m (l to 3.3 ft), and recent field studies byTWDB staffhave
sllown the lake to be ~nnav~gable except by Small boats
during high tides or high inflows. Calculations were made
to extend the estimates of Mission Lake deposition from
1966 through 1986; to test whether the 21 % retention rate
was reasonable over the additional 21-yeat period (Table
7.5.3, equations 1 to 6). Equation 6 estimates the average
depth of the lake to, be 0.1 m (0.3 ft) in 1986.
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The lake is not of uniform depth; there are areas
deeper and shallower than 0.1 m (0.3 ft). The calculated
average depth is a little shallower than seen in recent
observations. If emergent sediments in the Traylor Cut
Delta behave like Guadalupe Delta sediments, the subaerial
portion of the Traylor Cut Delta may have a much lower
water content than the submerged sediment (25 to 35%
according to Shepard and Moore 1960) and would represent
a larger volume ofsubaqueous sediment if spread through
Mission Lake. It is also possible that the retention rate
changes with depth; resuspension in Mission Lake may
require less wind energy than in deeper waters resulting in a
lower.retention rate as the water passes through the lake. The
retention rate may have changed slightly since the logjams

were removed in the 1970's, and the lake area is slightly
smaller than Diener's (I975) measurements. All of these
uncontrolled factors could result in a slightly deeper average
depth than calculated in Table 7.5.3. In the absence of
additional information. the 21 % retention rate seems
reasonable, although it slightly overestimates sediment
retention since 1965.

Sediment that is not retained is moved out ofMission
Lake through Guadalupe Bay and ·rejoins the inflow and
sediment that is transported through the north and south
forks of the river in the lower delta. Some of this sediment
moves into San Antonio Bay and the other bay arms of the
estuary. Shepard (I953) noted that the greatest shoaling has

Table 7.5.2. Equations for Mission Lake, based on the period 1935 ro 1965, showing rhe relative sea-level
rise, depth of deposition, lake volume decrease, quantity of sediment retained, and the sediment load
retention rate.

Equation
number

Description and equations

Relative sea-level rise in Mission Lake, 1935 through 1965.

Where: lUte of relative sea-level rise = 8 mmlir = 0.008 m/yr
Time from 1935 through 1965 =31 yr

0.008 m/yr • 31 yr =0.25 m

2 Depth of deposition in Mission Lake; 1935 through 1965.

Where: Change in Mission Lake depth =0.91 m
Relative sea-level rise =0.25 m

0.91 lit + 0.25 m = 1.16 m

3 Volume decrease in Mission Lake, 1935 through 1965.

Where: Depth of deposition from 1935 through 1965 = 1.16 m
Mission Lake area = 854 ha

1.16 m • 854 ha • 10,000 m2/ha = 9,906,400 m3

4 Quantity of sediment retained in Mission Lake, 1935 through 1965.

Where: Top 0.61 m of lake bottom has 50% sediment content
Nat 0.55 m ofIake bottom has 60% sediment content
Depth dec~ during 3 I-year period = 1.16 m
Volume of unconsolidated deposited material =9,906.400m3

(a) (0.61 m 11.16 m) • 9,906.400 m3 • 50% sediment content =2,604,700 m3

(b) (0.55 m 11.16 m) • 9,906,400 m3 • 60% sediment content = 2,818,200 m3

(c) 2,604.700 m3 + 2.818,200 m3 = 5,422.900 m3

5. Percent of sediment load retained in Mission Lake. 1935 through 1965.

Where: Quantity of sediment retained in Mission Lake =5.422,900 m3

Average annual sediment load = 815,805 m3/yr
Time from 1935 through 1965 =31 yr

5,422,900 m3 1 (31 yr· 815.805 m3/yr) =21%
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Table 7.5.3. Equations to check the retention rate calculated for 1935 to 1965 sediment loading by
carapolating the measurements to 1986 and estimating Mission Lake depth. .

Equation
number

Description and equations

Quantity of sediment retained in Mission Lake, 1935 through 1986.

Where: Average toral sediment load = 815,805 m3/yr
Time from 1935 through 1986 =52 yr
Sedimenr load retention rate =21%

815.805 m 3/yr' 52 yr' 21% = 8,908,591 m3

2 Quantity of retained sediment that constitutes the top 0.61 m of the deposits.

Where: Vertical depth =0.61 m
Mission Lake area = 854 ha
Sediment content of top 0.61 m =50%

0.61 m' 854 ha' 10,000 m2/ha' 50% = 2,604,700 m3

3 Quantity of retained sediment from the river load that constitutes the remaining deposits.
from equations 1 and 2 above.

. 8.908.591"m3 - 2,604.700 m3 =6,303,891 m3

4 Ai:tuaI volume of the deposited sediment, from equations 2 and 3 above.

Where: Top 0.61 m oflake bottom has 50% sediment content
Deeper portion below 0.61 m has 60% sediment content

(2,604.700 m3/SO% sediment) + (6.303.891 m3/6O% sediment) =15.715.885 m3

5 Volume ofMission Lake in 1986, had there been no sediment:ltion plus the effect of relative
sea-levd rise.

Where: Average bay depth in 1935 = 1.52 m
Tune from 1935 through 1986 = 52 yr
Rate of relative sea-levd rise = 8 mm/yr = 0.008 mlyr
Mission Lake area = 854 ha

(1.52 m + (52 yr' 0.008 mlyr) • 854 ha • 10,000 m2/ha =16.533,440 m3

6 Ca1cuIared average depth of Mission Lake in 1986 based on the 21 % retention..

Where: Volume oflake not filled in =16.533.440 m3 - 15.715,885 m3

Mission Lake area = 854 ha .

(16.533;440 m3 - 15,715,885 m3)/(854 ha' 10,000 m2/ha) = 0.1 m

occurred in the upper bay, so much of the deposition in the
past century must have occurred in this area.' White and
Calnan (1990a) pointed out that relative sea-level rise in the
lower portion ofSan Anto~io Bay may be about 12 mm/yr
(0.47inch/yr) and could be outpacing deposition. If this is
true, the lower bay may be deepening at a rate of2 to 4 mml
yr (0.08 to 0.16 inch/yr);Unforrunately, there is no
information concerningthe pattern ofmovement ofsediment
in the esruaryand deposition ofriver-borne materials. There
are no esti~atesofhow much of the load is deposited in the
upper and lower portions of the bay and how much is

transported to the Gulf. White and Calnan (1990a) estimated
the trapping efficiency of the Guadalupe Estuary at 95%.
but this was based on a very indirect capaciry-inflow ratio
used for reservoirs. It is not known whether the present
average sediment loading rate (815,805 m3/yr or 661 acre­
ft/yr) is satisfying the need f~r sediment anywhere but the
Mission Lake area. Without this basic sediment budget
information, it is not possible to evaluate loading requirements
over the entire estuary, although we can make an estimate
based on the needs for maintenance in Mission Lake.
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Minimum Sediment Requirements to Maintain
Deltaic and Shallow-water ~abitats

Justification for sediment input,to upper bay areas
and deltas. Sediment that is transported into the estuary
provides habitat structUre such as shallow bay.bortoms,
marsh sediments, or emergent land. Vegetation including
seagrasses, marsh plants, and upland grasses and shrubs (in
subaerial deposits) may develop on sediment that is carried
into the estuary. The vegetation 'or the sediment itself
provides cover and habitat for estuarine animals, or may
contribute organic marter that becomes part ofthe food web
for the animals living in the estuary. Shallow water and .
submerged vegetated habitats are particularly important in
the upper portion of the estuary since mobile larvae and
juvenile animals ch60se to congregate there for part oftheir
life cycles. The supply of larvae and juvenile animals for
recruitment into the adult populations in the bays or Gillf
depends on the area ofhabitat available; if the quantity of
that habitat is diminished so that fewer larval and juvenile
animals can be supported, the populations of adults will
eventually decline. .

Lowerdelta sedimentinput. The lower portion ofthe
Guadalupe Delta is undergoing an inevitable phase ofdecay
and subsidence. Lower delta flooding is more associated
with tidal conditions than river flooding (TDWR 1980b) so
the delta below the south fork ~fthe Guadalupe River rarely
receivessediment from river flow. It is unlikely thatsediment
can be supplied to this area to offset sea-level rise except
through artificial means; consequently, no sediment
requirement can be defined for the lower delta.

Upper delta sediment input. The old portion of the
Guadalupe Delta between Green lake and Mission Lake has
existed for the past 2000 years. This, 'plus the lack of
expansion ofopen water areas on the.old delta ovet the last
30yearsandthe absence ofdifferential subsidenceofHighway
35 on the upper delta compared to bridges anchored to solid
substrate, indicate that there is little settling ofthis old delta.
There are uncertainties about the amount ofsuspended lOad
in the flood waters that flow over the old delta so no
estimates ofsediment transported to it are currently possible.
Consequently,. there is not sufficient information available
to determinewhether.this area shouldbe periodicallyflooded:
for the purposeoftransportingsediment to maintain elevation
or habitat structUre. Therefore, no sediment requirement
will be defined for the'upper delta.

Q!tantification of a ';"inimum sediment load for
Mission Lake. Mission Lake is .subject to two opposing
processes with respect to sediment: material continues to be
supplied, making the water body shallower, and relative sea-

lev~l rise' continues to make the wate,r~y deeper. There is
a balance point for sediment input below which Mission
lake continues to deepen and above which it continues to
shoal. If sediment input is less than the balance point,
shallow water habitats and the sub111erged delta front and
prodelta will deepen, fringing marshes will become
submerged, and subaerial portions of the delta will become
subaqueous. Ifthe supply ofsediment is equal to this balance
point, existing habitat and nursery areas in Mission Lake and
around the new subdelta at Traylor Cut will maintain thei~

status quo. If sediment input is greater than the balance
point, Mission lake will continue to fill, the Traylor Cut
subdelta will continue to develop, and old habitats will shoal
but new habitats will replace them. This balance poiilt of
sediment input to MissionLake and theTraylor Cut subdelta
can be determined and an inflow volume calculated that
would maintain the sediment input needed to offset the
.~elative rise in sea leveL

Delta-building is hard t~ see from the air. Most ofthe
sediment deposition occurs in the water, and the areal extent
of deposition depends on the water depth. Since Mission
lake is a natural hydrologic unit, it is logical to treat it as a
whole and not make anarbittary decision about subdividing
,regions in it. Using the estimate ofbay retention ofsediment
(21 %) from Table 7.5.2, the quantity ofsediment required
to keep pace with relative sea-level rise is given in Table
7.5.4; equations 1 through 4. The annual sediment load of
the river required to offset relative sea-level rise is 162,667
m3/yr (132 acre-ft/yr). Equation 5 converts this sediment
volume .into an annual freshw:ater inflow volume, using the
equation shown in Figure 7.5.2.

Proposed constraint. To maintain bathymetry in
Mission Lake and the Traylor Cut subdelta, a minimum of
162,667 m3/yr (132 acre-ft) ofsedimentmtist berransported
to the estuaryhy the rivers. This will require an annual gaged
inflow ofat least 355,235 acre-ft/yr. .

. .

7.6 CHARACTERISTICS OF AN ECOLOGICALLY
SOUND ENVIRONMENT FOR THE GUADALUPE
ESTUARY

Introduction

, The purpose of this section is to document the
economically and ecologically important plant and animal
species using the Guadalupe Esruary.In addition, this'
sectionwill identifyanysignificant changes thathaveoccUrred
to plant and animal species due to recent anthropogenic
development; provide ail ecological characterization of the
area, and identify the general salinity cohditionsthat must be
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Table 7.5.4. Equations for calculating the sediment load needed to offset the relative rise ofsea level in Mission
Lake. and the annual inflow volume needed to transport this sediment load.

Equation
number

Description and equations

Volume increase in Mission Lake due to relative sea-level rise.

Where: Rate of relative sea-level tise = 8 mm/yr = 0.008 m/yr
Mission Lake area = 854 ha

0.008 m/yr * 854 ha * 10.000 m2/ha = 68,32~ m3/yr

2 AauaI sediment volume needed to offset relative sea-level rise in Mission Lake, taking the
water content of newly deposited material into account.

Where: Content ofnewly deposited material is 500/0 sediment. 50% water'
Volume of newly deposited material required to offset relative rise in
sea level = 68.320 m3/yr

50% * 68.320 m3/yr = 34.160 m3/yr

3 Annual sediment load required to offset sea-level rise in Mission Lake.

Where: Sediment volume to offset relative sea-level rise = 34.160 m3/yr
Sediment load retention rate for Mission Lake = 21%

(34.160 m3/yr) 121% = 162.667 m3/yr

4 Conversion ofsediment volume in m3 to weight in merric tons.

Where: 1 m3 ofsediment =1121.4kg. .
Volume ofsediment to offset relative sea-level rise =162.667 m3/yr

162.667 m3/yr * 1121.4 kgIm3 * 0.001 metric tons/kg = 182.415 merric tonslyr

5 Conversion ofsediment weight in merric tonslyr needed to offset the relative rise in sea level
to g:aged inflow in acre-frlyr.

Where: Sediment required = 182,415 metric tons/yr
Q is the combined g:aged flow of the San Antonio River at Goliad and the
Guadalupe River at Victoria, in acre-frlyr
Sediment = 0.78742 * QO.96655

Q =lO{(loglO(Scdiment) -loglO(0.78742» I 0.966551
Q = 101<5.26106 - (-0.10379» I ~.966551 = 105.55052

Q = 355.235 acre-frlyr

maintained to ensure the continuance of the estuary's
characteristic biodiversity and productivity.

Economically Important Species

Many estuarine species are exploited by commercial
and recreational fishermen in the Guadalupe Estuary. Annual
inshore landings from this estuary for commercial fishermen
have ranged from 1,486t03,545 mt(3,269,742 to 7,799,084
lbs) during the period 1972 through 1989 Oohns 1990);
recreational landingshave ranged from approximately30,000
to 350,000 fish during the period 1974 through 1989

(Green et al. 1991). Fesenmaier et al. (1987) recently
estimated that the total economic output benefit to the state
from the inshore and offshore fishing industry located in this
area amounts to $80.3 million and $135.3 million per year
for the Guadalupe Estuary region and state. .

Commercialfishery harvest. During the period 1972
to 1989, commercial fishermen mainly depended on brown
and white shrimp (Penaeusaztecus and P. setiftrus)), blue
crabs (Callineetes sapidus), eastern oysters (Crassostrea
virginiea), red drum (Sciaenops oee/lata), sported seatrout
(Cynoscion nebulosus), blackdrum (Pogonias cromis), flounder
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(Paralichthys sp.), sheepshead (Archosargusprobatocephalus),
and mullet (Mugil sp.) Oohns 1990). Recent commercial
landings of shellfish from the Guadalupe Estuary have
consistently been greater than finfish landings, 919 to 3,474
mt (2,022,000 to 7,642,000 lbs) compared with 4.5 to
210.4 mt (lO,OOO to 463,000 lbs), respectively. Blue crab
have accounted for the greatest weight in landings (390.4 to
2,171 mt or 859,000 to 4,776,000 lbs) while white and
brown shrimp have had the greatest value, $425,000 to
$2,964;000. IfGulflandings were added to total estuarine
landings, brown shrimp wouldaccount for the most landings
and greatest value, and white shrimp would be the second
most landed and most valuable species to the commercial
industry located in the Guadalupe Estuary. Gulfmenhaden
(Brevoortia patronus) would be a close third. Eastern oysters
have been the most variable with respect to annual weight
landed, 4 to 880 mt (9,000 to 1,937,000 lbs). It has been
illegal to sell red drum and spotted seatrout since September
1981. However, these species are still taken by recreational
fishermen for personal pleasure and consumption.

Recreational fishery hanJesL The most frequently
landed species repotted from the Guadalupe Estuary by
recreational fishermen have beenspottedseatrout, red drum,
southern flounder (P. kthostigma), black drum, and sand
seatrout (Cynoscion sp.) (Maddux 1989). Fifty to 60% ofall
recreational landings from the Guadalupe Estuary were
comprised ofspotted seatrout with red drum comprising 10
to 25%. Other fish which have accounted for 1 to 5% ofthe
landings includedAtlantic croaker (Micropogonias undu!4tus),
gafftopsail catfish (Bagre marinus), requiem sharks
(Carcharhinidae), ~d southern kingfish (Menticirrhus
ammcanus).

Recent Changes in Species, Composition or Abundance

Collins arid ,Smith (l893) reported commercial
landings from Calhoun and Refugio counties (counties most
likely to have landings dominated bythe Guadalupe Estuary)
to be around 273,000 kg (600,000 lb). The eastern oyster
,was the major species landed in these two counties (136,000
kg or 300,000 lb). Shrimp landings amounted to less than

,,950 kg (2,000 lb). During 1988, reponed commercial
landings from the Guadalupe Estuary were 2,409,000 kg
(5,300,000 lb; Quast, et al. 1989). These landings were
dominated by brown shrimp (904,000 kg or 1,989,000 lb),
white shrimp (280,000 kg or 616,000 lb), blue crabs
(l,636,000 kg or 2,770,000 lb) and oysters (4,040 kg or
8,900 lb). The 1988 landings were not unique; landings
from 1977through 1988haverangedfromalowofl,640,000
kg (3,600,000 lb) during 1982 to a high of 3,545,000 kg
(7,800,000Ib).

Historical accounts ofspecies living in the Guadalupe
Estuary were mainly conimerciallanding reports and brief
popular accounts contained in newspapers and magazines.
A review of this material leads to the conclusion that today,
the species comprising the GUadalupe community does not
differ from what historicallyoccurred, with possiblymarked
decreases in tarpon, snook, striped bass, green sea tunles,'
diamond back terrapins, whooping cranes, colonial water
birds, water fowl, some shorebirds, and very recently
neotropical migrant birds (Hall 1984; Matlock and Osburn
1987; Hunt and Slack 1989). During the last 20 years,
whooping cranes made significant increases in members
(Le., total number for 1989 aDd 1990 were 146 and 143,
respectively).

Ecologically Important Species

To provide the productive fisheries found in this
estuary, the habitat and the plants and animals on which the
fishery species feed, or on which their prey feed, must be
maintained. Sponed seatrout, southern flounder, and red
drum depend on shrimp, pinfish (Lagodon rhomboUks),
menhaden, anchovy (Anchoa sp.), and mullet for food
(Matlock and Garcia 1983). Many larval fish depend on
plankton, polychaetes, and crustaceans (Matlock and Garcia
1983; Durako et al. 1988). Shrimp depend on detritus,
polychaetes, epiphyres, andplankton (Zein-Eldinand Renaud
1986; McTigue and Zimmerman 1991). f,astern oysters,
other bivalves, and polychaetes depend on planktonic food
being in the right place and at the right time because they
have limited or no mobility (Quast et al. 1988). Vascular
plants provide habitat and food for estuarine organisms
(Minello and Zimmerman 1985; Zimmermanetal. 1990a).

, Oyster reefs provide habitat for a different set ofspecies than
found in vegetated or unvegetated sand or mud habitats
(Zimmerman et al. I 989). To remain productive over time,
all ofthese species depend on their environment receiving at
least a minimum nutrient and sediment load, and enough
freshwater flow to keep the estuarine water within particular
upper and lower salinity bounds. The Venice System for
classification of marine waters according to salinity
(Symposium on the Classification ofBrackish Waters 1958)
is used to describe thesalinitycharacteristicsofthe Guadalupe
Estuary. The salinity ranges defined in the Venice System
are: fresh (0 to 0.50/00); oligohaline (0.5 to 50/00); mesohaline
(5 to 180/00); polyhaline (I8 to 300/00); and euhaline (30 to
400/00). '

Primaryproducers. Phyroplankt~n, emergent mar~h
plants, submerged vascular vegetation, algae, floating plants
(e.g., water hyacinth [Eichhornia crasspes]) and duckweed
(Lemna spp.), high marsh plants, deltaic floodplain swamps,
and detritus and nutrients from inland areas are the major
sources of energy and ma~er used to drive the Guadalupe
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estuarine ecosystem. In addition to providing energy and
matter, all these plants provide habitat and offer protection
from disease and predation for many coastal and estuarine
animals (Minello and Zimmerman 1985; Quast et al. 1988).

Most plant material from coaStal wetlands enters t,he
estuarine food web through a detritus-micr~bial, algae­
detritus-zooplankton-benthic, or algae-detritus­
zooplankton-larval fish pathway. The phytoplankton
community in the Guadalupe Estuary is varied, having
diatoms, blue-green algae, flagellates, and green algae. It is
most important to ensure that a variety of phytoplankton
species are maintained in the Guadalupe Estuary so that no
single species becomes dominant and noxious (Section 5.1),
and to proyide avariety offorage. This also guarantees that
several phytoplankton species with varying physiological
requirements are present at any time to efficiently take
advantage ofthe different environmental conditions that
frequently occur in the estuary. Phytoplankton can take up
nutrients rapidly and quickly respond to changes in the
environment. For this reason, they are an indication of
currentconditions in the estuary. Conversely, majorvascular
plant species within the Guadalupe Estuary are fewer in
number and their physical and biological ability to live in a
specific location is governed more by the general
environmental conditions that persist at a site through time.
Therefore, their presence is an indication of the long-term
average conditions ofan area within the estuary.

Zoopl4nkton. One ofthe most important animals in
this estuary is Acartia tonsa. This copepod generally
,constitutes more than halfofthe number andbiomass ofthe
esmarine zooplankton community (Lee et al. 1987). Itplays
a major role in transferring nutrients from phytoplankton to
larval fis~, polychaetes, and bivalves. It is a major grazer on
phytoplankton and is used extensively by larval fish and
shellfish as food.

FilteranJdetritusfeeders. Chironomid insects, Rangia
cuneata, Hobsoniaflori4a, Texiulina sphinetostoma, and blue
crabs atespecies that have been identified to trap detritus and
phytoplankton in oligohalineareas ofthe Guadalupe Estuary.
Several species of phytoplankton rapidly uptake dissolved
nutrients from freshwater inflows, recycle nutrients from
metabolic waste, and become "pasture" for the zooplankton.
Filter feeders, such as the clam (R. cuneata) and eastern
oysters, rapidly incorpqrate the C!Ibphydrates and, other
organic mole!=ules created by phytoplankton and
zooplankton, and convert them to animal tissue (Soniat et al.
1984; Soniat and Ray 1985).

Capturing the material coming in with freshwater
inflows as quickly as possible guarantees the maximum use
and cycling ofthe nutrients within the estuary. Ifnutrients

and detritus ,are not taken up quickly, they have a greater
chance ofbeing buried o~ washed out to sea where they are
more easily lost to living organisms.

, Gizzard sh3id (Dorosoma cepedianum) , striped and
white mullet, Gulf menha.den; bay anchovy,' clams (R.
cuneaia and R. f/exuosa), and eastern oyster represent an
e~ologicaUy impqrtant group that feeds directly on detritus
and plankton. This group serves to maintain plankton and
detritus at acceptable levels, and may represent a shortened
food chain to higher level predators such as spotted seatrout,
red drum, southern flounder, and blaCk drum.

Other consumers. Pinfish, Gillfand longnose killifish
(Fundulus spp.), sheepshead minnows (Cyprinodon
variegatus) , silversides (Menidiaspp.), grass shrimp
(Palaemonetes spp.) , shrimp (brown and white), silver perch,
and many juvenile fishes of larger predators represent a
group of secondary consumers that are a major food source
for higher level consumers such as red drum, herons, egrets,
porpoises, and spotted seatrout. This latter group oftertiary
consumers are for the most part carnivores eating most
anything but mainly crustaceans, insects, mollusks, small
fish, and crabs (McTigue and Zimmerman 1991).

Communities in the Guadalupe Estuary

The Guadalupe Estuary has a definite salinitygradient
with relatively large areas having different salinities at
intermediate inflow volumes. It has fresher areas near the
Guadalupe River mouth (i.e., Mission Lake, Guadalupe
Bay, and Hynes Bay), and high salinity areas in Espiritu
Santo Bay near Pass Cavallo, one of the major bay-Gulfof
Mexico passes. During times of low freshwater inflows, a
large part of the estuary becomes saline and the gradient is
compressed with higher salinities (greater than 150/00)

, approaching the lower part ofthe river delta. During floods,
, a large part of the estuary becomes brackish with lower

salinities occurring in the southern part ofSan Antonio Bay
(less than 100/00) and in Espiritu Santo Bay (less than 250/00).
During a recent major flood (1987); this estuary has had
salinities of less than 100/00 near the Gulf passes (TP\VO
Coastal Fisheries Resource Monitoring Data).

Four Jistinct areas ofthe GuadAlupe Estuary. Four
areas were ~ed for the ecological characterization of the
Glladalupe Estuary (Figure 7.6.1). A visual inspection of
salinity. and nutrient isopleths during intermediate inflow.
'conditions showed that each of the four areas had relatively
homogeneous salinityand nutrient concentrations that were
distinct from one area to the next. The upper portion ofthe
estuary near the Guadalupe River mouth (Figure 7.6.1, Area
I, including Mission Lake, Guadalupe Bay, Hynes Bay, and
a portion ofSan Antonio Bay immediately adjacent to these
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Figure: 7.6.1. Map of the: four distinct areas of the: Guadalupe: Estwuy.

bays) is highlyvariable with low salinities (0 to 100/00, figures
4.1.6,4.1.7, and 7.1.7) and high concentrations ofdissolved
nutrients (0.2 to 1.0 mgtl dissolved inorganic nitrogen
[DIN] and 0.2 to 0.5 mgtl total phosphorus [TP], figures
4.2.1, 4.2.3, and Table 7.2.1). The salinity data from the
TPWD monitoring program used in the shrimp analyses in
Section 6.2 showed that Mission Lake and the Guadalupe
Bay area actUally had salinities ofless than 50/00 most of the
time.

An upper area ofSan Antonio Bay (Figure 7.6: 1, Area
II), starting just south of Area I and extending to a line
running parallel to the Intracoastal Waterway, is less variable.
Salinities are higher and generally range from 10 to 200/00;
nutrient concentrations are lower and range from 0.1 to 0.5
mgtl for DIN, and 0.1 to 0.5 mgtl for TP.

Area III (Figure 7.6.1) includes the lower third ofSan
Antonio and Ayres bays and is less variable than areas I and
II. Salinities are generally between 15 and 250/00, DIN
ranges from 0.05 to 0.2 mgtl, and TP ranges from 0.1 to 0.2
mgt!. .

Espiritu Santo Bay is the most stable area (Figure
7.6.1, Area IV) within the Guadalupe ~tuarywith respect
to salinity and nutrients. Salinities generally range from 25
to 350/00,~d nutrient concentrations range from 0.05 to 0.2
mgtl for DIN and 0.05 to 0.1 mgtl for TP.

Characterization of Mesquite Bay is m~re difficult
because it has salinities and total phosphorus concentrations
which are similar to the lower part ofSan Antonio Bay, and
nitrogen concentrations similar to those found in Espiritu
Santo Bay. Mesquite Bay salinities, and possibly nutrient
concentrations, are highly influenced by whether Cedar
Bayou is open to the Gulf of Mexico. For this discussion,
Mesquite Bay was judged to be more like the lower part of
San Antonio Bay and was made a part ofArea III.

. .
Characterization ofbiotk communities. For each of

the four areas, the biotic community of the Guadalupe
Estuary was divided into three biological groups: vegetation,
benthos, and finfish-shellfish. Characteristic biotic
assemblages for each area ofthe estuatywere identified from
publishedsurveys anddata from theTPWD Coastal Fisheries
Resource Monitoring Program. A set of species or higher
taxa was identified for each area, which quantitatively and
ecologically contributes significantly to the area's biotic
identity. Often, these species are the dominant members of
their communities, so any changes in their populations
would constitute a major change in the ecosystem. The
characteristic assemblages identified for each of the four
areas ranged from 50 to 76 species of plants, benthos, and
finfish-shellfish. These represent only a fraction ofthe total
biotic community. The remainder ofthe species which can
be found in each areaare minorcomponents, either temporary
residents or organisms which occurred or were caught in low
numbers or frequency.

Veget4tive communities. Vegetation types included
submerged, emergent aquatic, and upland plants. The larter
are found in the transition from high marsh to upland, and
at higher elevations in the delta (Area 1).

The major wetland habitat types were identified from
available surveys ofthe estuaty (Childress, 1975; White et al.
1989; Pulich 1990; TPWD 1990b). These major habitat
types are freshwater marshes, brackish-water marshes, and
saltwater marshes. Thesaltwaterand brackish-water marshes
were subdivided into low and high zones. Pulich (1990)
further subdivided the high marsh zone into low and high
subzones.

Freshwater, brackish-water, and saltwater marshes are
distinguished by characteristic salinity regimes. Low and
high marsh zones are distinguished byinundation frequency.
Low zones are inundated more often (and generally for
longer periods) than high zones. The vegetation found in
each marsh type are those most suited to the salinity and
inundation regimes of that habitat. Because most wetland
vegetation can exist over a wide range of salinities and
inundation regimes, many species are not limited to a single
marsh type. Heterogeneous vegetation commuilities are
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Table '7.6. I. Occurrence of dominant (X) vegetation in each area within the Guadalupe
Estuary based on reviews of vegetation surveys (Childress 1975; White et al. 1989; Pulich
1990; TPWD 1990) and probable salinity preference.

characteristic especially of transitional areas going from
saltwater to brackish-water or brackish-water to freshwater
marshes.

For a species to be included in the 'characteristic
species~emblage ofthe vegetation community, it had to be
reported in a published survey of the Guadalupe Estuary
(Table 7.6.1). 'Some members ofthis list were dominant in
one survey and,uncommon in another. Some minor species
occurring in the estuary were not listed. As a result, the,
vegetation list includes species which were dominant at sites
within the area. Obviously, this is not a complete list ofall
plants occurring in each area of the estuary.

Benthic communities. Benthos are bottom-dwelling
macroinvertebrates which include mollusks, polychaetes,
crustaceans, and other similar organisms that are retained by

a 0.5 mm mesh screen. Benthic invertebrates were captured
with a bottom sedimenr.sample~such as an Ekman Dredge,
Ponar sampler, or a core sampler.

Several surveys were used to compile data for the
benthic communities, (Harper 1973; Matthews et al. 1974;
Academy of Natural Sciences of Philadelphia 1977, 1979;'
White ,et al. 1989; Montagna and Kalke 1990). Only
Harper, Matthews et al., and Montagna and Kalke collected
samples more than once at each location; the organisms
found to be common in their investigations are summarized
in tables 7.6.2,7.6.3, and 7.6.4. During these three surveys,
high inflow conditions prevailed. The Montagna and Kalke
surveyoccurred during the record inflow year 1987. For this
reason, the characteristic benthic assemblages identified
from these studies are biased toward low salinityconditions.
Membership in the benthiccommunityw~generally limited

to those species which occurred in samples
at least 25% ofthe time, or in 50% or more
ofthesample sites within an area, during any
survey.

a The superscript indicates source of information; 1 - indicates range from occurrence as '
shown within table (X), and 2 - indicates information is from Table 5.2.2.

b Shoalgrass out-eompetes widgeongrass when salinities are above 200/00.

Common. name
and species

Arrowhead (Sagittaria sp.) X
Annual glasswort (Salicornia big~lovit)

Bald cypress (TllXQdium distichum) X
Bertnuda grass (Cynodon doctylon) X
Black mangrove (Avicmnia gnminans)
Bl~kwillow (Salix nigra) X
Bulrush (Scirpus maritima) X
Carolina wolfberry (Lycium carolinianum)

Cartai1 (Typha sp.) X
Clover grass (Halophila mg~lmanm)

Common reed (Phragmitrs australis) X'
Elephant ear (Colocasia antiquorum) X
Gulf cordgrass (Spartina spartina~) X
Marsh ~ter (Ast" tmui/olius)
Marsh elder (Ivafrutrse~) X
Palmetto (Sabal minor) X
Perennial' glasswort (Salicornia virginica)
Purslane (Sesuvium portulacastrum)
Salt-flat grass (Monanthochlo~ littoralis)
Saltgrass (Distichlis spicata) X
Saltmeadow cordgrass (Spartina palms) X
SaltwOrt (Balis maritima)
Sea blite (Suaeda maritima)
Sea oxeye daisy (Borrichiafruusc~) X
Shoalgrass (Ha/odule wrightit) ,X
Smooth cordgrass (Spartina altrrnif/ora) X
Water nymph (Najas guadalup~is) X
Widgeongrass (Ruppiamaritima)b X
Water hyacinth (Eichhornia crassip~s) X

Area Probable
salinity

II III IV preference
(ppt)a

Oto 52
X X X 10 to 351

oto 101
X oto 201

X X 10 to 372

oto 101
oto 152

X X 10 to 351

oto 102

X 23 to 372

X oto 152

oto 101

X X oto 351

X X X 10 to 351

X 10 to 351

oto 101

X X X 10 to 372

X X X 10 to 371

X X 10 to 371 .
X X X 5 to 372

X X oto 371

X X X 5 to 402

X X X 10t0371

X X oto 25 1

X X X 23 to 372

X X X 5 to 202

oto 92

X X X 22 to 322

Oto1 2 '

Finfish-shellfish communtttes. Finfish­
shellfish communities included all ,fish,
shrimp, crabs, and oysters captured by gear
used by the TPWD Coastal Fisheries
Resource Monitoring Program. It was
possible to divide the data for many of the
finfish-shellfish species into life stages (adult,
sub-adult, and juvenile) based on the size·...
selectivity of three of the gears used (Table
7.6.5). The gear types (and rargetorganisms)
were gill nets (adult and subadult fish and
adult crabs), shrimp trawls (subadult shrimp
and crabs, and small adult and sub adult fish
and crabs), bag seines (juveniles ofall types
and small adults like silversidesand killifish),
and oyster dredges (adult oysters). The
relative density of each life stage for each
species within each area was then evaluated
(Table 7.6.6).

A total of 215 finfish-shellfish species were
captured and identified· by the TPWD
Coastal Fisheries Resource Monitoring
Program from 1975 to 1987. These included
149 teleasts (bony fish), 49 invertebrates, 13
chondrichthys (cartilaginous fish), and 3
reptiles. Data discussed in this section were

. collected between November 1975 and
December 1987 and were used to identify
speciescharacteristicofeachofthe previously
defined estuarine areas (Table 7.6.7). The
finfish-shellfish species included in the
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Table 7.6.2. SummaryofmaclOinvertebratedata by area in the Guadalupe Esnwyfrom Harpcr(1973)
for those org:misms occurring in at least 25% ofthesamples taken.· Symbolsare as follows: 0 =occurred
in 25-49% ofsamples taken; + =occurred in so:74% of the samples taken; • =occurred in more than
74% of the samples taken. .

et al. 1977; White et al. 1989; Pulich
1990; TPWD 1990). Using these
surveys, a characteristic species
assemblage for this area was identified
whichcontains 19species (Table 7.6.1).

Taxa

According to Pulich (1990), the primary difference
between average and wet years for the delta appears to be the
duration and not the frequency of flood events. Decreased
duration coupled with increasing salinity of the delta lakes
may lead to an increase in brackish species in the delta
vegetative community.

o

o

o

o 0

o

o
o
o

o
o
o

The majority of the vegetation in this
region tharwas discussed by thesurveys
is on and around the Guadalupe River
delta, but it also occurs in Hynes Bay
and Mission Lake. Dominant·
vegetation types in Benton's 1976
survey were: palmetto (Sabal minor),
arrowhead (Sagittaria sp.), and water
hyacinth (Eichhomia crassip~s) along
both forks of the Guadalupe River;
and saltgrass (Distich/is spicata), sea
oxeye daisy (Borrichia frut~scms),

saltmeadowcordgrass (Spartinapatms) ,
Gulfcordgrass (Spartinasparti~),and
Bermuda grass (Cynodon iUutylon) in
the brackish marshes. Along relict
tributaries in the lower delta, bulrush
(Scirpus sp.) was a major component;

.common reed (Phragmitesaustralis) and
cattail (Typha) were also common,
while smooth cordgrass (Spartina
alumiftora), was not mentioned.

Ten years later, Pulich (1990) reported
vegetation types from the same general
area as the Benton surveys. Changes in
the vegetation assemblages since the
Benton survey indicated a more
brackish-water community, including
density decreases in some low-saline,
freshwater-tolerant species (common

reed, water hyacinth, and cattail) and density increases in
brackish-water-tolerant species (bulrush). In contrast with
the Benton survey, Pulich reported the low brackisl:t and
saltwater marsh plant, smooth cordgrass was also present.

characteristic species aSsemblage list were restricted to those
that occurred in at least 20% of the samples within at least
one gear type in an area. Preferred areas (areas having a
greater abundance) for a given species and life stage (adult,
subadult, or juvenile) within the Guadalupe Estuary were
identified by comparing the difference between the highest
mean catch~) from an areaand the mean catch ofany other
area~),with the sum oftheir standard errors (SEj + SEj). If
the difference between the mean catches exceeded the sum
ofthe Standard errors (i.e.,~ -~ > SEj + SEj ), the area with
the higher mean was considered to be the preferred area.

Rangia cu1WlJ4
Ostracoda A
Hobs0ni4florida
Chironomidae
.Qzpite/14 uzpi_
Po/ydora /igni
Nematoda
TaaJina phindostoma
Rangiajlexuma
PJoscokx gabridla

. TaaJinaA
Harpaeticoida A
M4&orna mitclNUi
Nn-ris mt:cinea
Monoculoit:Jes sp.
ParandaJia fauvd/i
TubuJanuspellucidus
Srreb/opio bmeJiai
M~diomastusca/ifumimm
MysUIopsis bahia .
MysUIopsis almyra
Diopatra cuprea
XnumthuTa bmJitelstm
G/ycint:k solitaria
CumaceaA
O:ryurosty/issa/inoi
Scoloplosftliosus
Scoloplosfragilis
Spiochaaopterus ocuImus
Pnonopio pinnata
SpioJdDSa·

Ecological Characterization of the Guadalupe Estuary

Veget4tion in fresh-to-oligohaline Area L The
vegetation of the upper Guadalupe Estuary area has been
characterized byseveral surveys (Childress etal. 1975; Benton

The submerged species, widgeongrass (Ruppia maritima)
and water nymph (Najas guadalupmsis), have both been
reported from the delta area (Pulich 1990).. Submerged
species have optimum salinity bounds, but tolerate a range
of salinities. The effect of salinity on their distribution is
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AIea and site

Table 7.6.3. Summaryofbenthic data, byarea in the Guadalupe Estuary from Manhews era!. (1974).
Symbols are as foUows: + =occurred in 50-74% ofthe samples taken: • =occurred in more than 74%
of the samples taken.

Taxa
II

1 2 3 4 5 6 7· 1 2 3 4 5 6 7 8

III

1 234 5 6

largely determined by the average
salinity regime rather, than shon­
term fluctuations. In fresh-to­
oligohaline (0 to 5.0%0) areas, n;Uad
production will be favored, while
in mesohaline (greater than 5%0)
areas, widgeongrass will be the
prevalent submerged species.

Table 7.6.4. Summary ofbenthic data by area in the Guadalupe Estuary from
Montagna and Kalke (1990). Symbols in the table are as folIows: 0 = occurred
in 25-49% ofsamples taken: + =occurred in 50-74% ofthe samples taken; and
• =occurred in more than 74% of the samples taken.

Finfish-sheUfish in oligohalineArea L There have not
been many thorough investigations ofthe fish, shrimp,
and crab communities of this estuary. The species
composition of each area was best shown with the
TPWD Coastal Fisheries Resource Mo~itoring data.
The finfish-shellfish community of the upper bay area
had a mixture offresh aridsaltwaterorganisms. Twenty­
five species were identified as characteristic ofthe fresh­
to-oligohaline upper-bay area (Table 7.6.7).

Benthos in oligohalineAreaL Acharacteristic benthic
assemblage 'was identified from the available studies
which included 18 taxa (tables 7.6.2, 7.6.3, and 7.6.4).
The most common members of this assemblage were
the polychaetes Mediomastus californiensis, Streblospio
benedieti, and Hobsoniaflorid4; theoligochaete Peloscokx
gabriella; the gastropod Texadina sphinctostoma; the
pelecypod Rangia cuneata; and larvae of the insect
family chironomidae (midges). Of these species, M.
californiensis and S. benedicti were reponed as most
dominant and frequently encountered. Hobsoniaflorida,
R flexuosa, and chironomid larvae were reponed as
dominant only in this area of the estuary.

• +

+

• + • +

+ + +

+ +
.+

+ +

+ •

Emergent vegetation throughout
the estuary was also identified and
categorized into habitat types and
dominant species (Pulich 1990).
The low saltmarsh species;smooth
cordgrass, was well established at
all sites surveyed throughout the
estuary. High marsh zone
community species composition
varied with salinity (braclcish or
salt) and elevation. The low, more
frequently inundated subzon~

consisted primarily of glasswon
(Salicorniasp.) andsaltwon (Batis maritima), while the
high subzone saltgrass consisted of marsh aster (Aster
tenuifolius), salt-flat grass (Monanthochloe littoralis);
Carolina wolfberry (Lycium carolinianum, a forage for
whooping cranes according to Hunt and Slack 1989),
and sea oxeye daisy. The high-marsh subzone was
found to grade into an uplarid community in all areas

. of the estuary.

0 +

+ 0 + 0

0 0 0

0 + +
0 0

0 +
0 +
0

0

0

0

0

0

0

+ +

+ + +

+ . . . + . +

+ . . +

+ + .+ +

+ + + + +

+ +

+

Area and site

I II III
--- ---

I 2 1

+
0
+ 0

+ + 0
+

0 0
+ + + +

+ • • • • +
• + + + +

+ + •Hobsonia fIorUJa
Chironomidae
RJzngia cuneata
Texadina sphinctostoma
Texadina B
Macoma miuhe/Ji
Mediomastw californiensis
Pararidalia fauveUi
Nemerrea
Streblospio bmedicti
Mu/inia latera/is
Neanthes sucaMa

Taxa

Hobsonia fIorUJa
Chironomidae .
Paranda/ia ocularis
Capite//a capitata
Oligochaeta
Texadina sphinctostoma
Rhynchocoda
Mediomastw californiensis
Streblospio benedicti
Muunia latera/is
Macoma miuheUi
MonoculoUks_sp.
Cyc/aspis varians
Glyaruk so/itaria
Oxyurosty/is smithi
Haploscolop/us fouosus
Haraprionospio pinnata
Cossura delta
Turbellaria
Diopatra cuprea
Polydora caulkryi
PyramitJe//a sp.
Polydora webstmi
Acetoana t:Ilnicuio

253



The more mobile finfish-shellfish community is
naturally a more dynamic assemblage than vegetation' or
benthic animals, and can quickly react to salinity changes.,
Mobility allows these animals to migrate throughout the
estuaryin response to environmental stimuli. Consequendy;
some species are not uniformly distributed over the estuary
duringportionsoftheir life (see adult, ~ubadult,and juveniles
in Table 7.6.2).

Two species in Area I exhibited their highest catch
rates (for at least one life stage) in the estuary, adult blue
catfish (lctalurus furcatus) and longnose gar (Lepisosteus
osseus, Table 7.6.7). Several other species, which did not
have 20% frequency in catch, also had the highest catch rates
from Area I. These included juvenile black drum (trawls),
juvenile gizzard shad (bag seines), juvenile striped mullet
(trawls), adult blue crab (gill nets), subadult red drum, 'and
juvenile Gulfmenhaden (Table 7.6.6). Several species had
high catch rates in more than one area including Area I
(Table 7.6.7). These were subadult red drum, subadult and
juvenileAdantic croaker, subadult brown shrimp, and adult
andsubadultalligatorgar (Lepisosuusspatula). Datapresented,
in Section 6.2 also showed high catch rates for subaduit blue
crab and white shrimp concentrated in the two upper areas
of the estuary (Figures 6.2.1 and 6.2.4), and each species

Table 7.6.5. Mean sizes (totallengrh or width) for various species caught
with different gear in the TPWD Coastal Monitoring Program ill'!Strating
selection for different life stages: adults (A) denotes reproducing groups.
subadults (S) designates a group approaching age offirst reproduction. and
juveniles mare younger individuals-mainly young ofyear.

Common name Gear

Gillnet Trawl Bag seine

Atlantic croaker A (7 to 12) a 'S(3 to 4) J (2 to 4)
Black drum A(10to 18) J (4 to 6)
Blue crab A(5t06) S (3 to 4) J (1 to 2)
Brown shrimp S (3 to 4) J (2 to 3)
Gafftopsail catfISh A (19 to 22) S (4 to 5)
Gulf menhaden A (5 to 11) S (2 to 4) J (1 to 2)
PinflSh A (7 to 10) S (3 to 4) J (1 to 4)
Red drum S (15 to 20) J (2 to 5) ,
Sea catfish A (12 to 14) S (6 to 8) J(4t06)

Sheepshead A (12 to 18) S (3 to 5) J (1 to 4)
Southern flounder A (8 to 15) S (5 to 6) J (2 to 3)
Spot A (9 to 11) S (3 to 4) J (2 to 3)
Spatted seatrout A (15 to 19) J (2 to 3)
Striped mullet A (12 to 14) J (2 to 5)
White shrimp S (3 to 4) J (2 to 3)
All other fmflShes A (16 to 32) S (2 to 4) J (2 to 3)

a Sizes are means reported in Mambretti et aI. (1990) for the
Guadalupe Estuary: gillnet values are the range of means in inches
from spring or fall seasons from 1975 to 1988; trawl and bag seine
values are annual means (in inches) from 1982 to 1988 and 1978 to
1988. respectively.

showed a negative relationship With salinity (Figures 6.2.2
and 6.2.5).

A few species were captured primarily by bag seines
, throughout their lives, so it was not possible to deter~inean
, area ofpreference for any particular life stage based on gear
selectivity. Onespecies, sheepshead minnow, had its highest
catch rates in Area I.

It is clear from Table 7.6.7 that these few species are
only a small part of this community. Other commonly
captured species (though not in large numbers or high
frequency) include adult and subadult sea catfish, and adult
bayanchovy, andsheepshead, eastern oyster, spottedseatrout,
gizzard shad, and black drum.

Vegetation in oligohaline-to-mesohaline Area II.
Vegetation surveys ofthe mid-bay area, which concentrated
on the Welder Flats Coastal Preserve and Aransas National
Wl1dlife Refuge sites, have been less detailed than those of
the upper-bay. Childress ~t al. (1975) sampled vegetation at
four sites between Dagger Point and Live Oak Point. TPWD
(1990) sUrveYed the vegetation in the Welder Flats Coastal
Preserve and th~ Aransas National Wildlife Refuge. White
et al. (1989) used 1·979 NASA photographs to map the
vegetation communities for the estuary while Pulich (1990)
used 1987 NASA-AMES aerial photographs to map the
vegetation. A characteristic vegetation assemblage for this
area was identified and included 19 species (Table 7.6.1).

Childress et aI. (1975) reponed the dominant
submerged vegetation on the southeast side of the mid-bay
area from 1971 to 1974 was shoalgrass, widgeongrass, and
the algae Po/ysiphonia gorgoniae. The dominant emergent
:vegetation types were common reed, smooth cordgrass, and
,cattail. The submerged species widgeongrass and shoalgrass
were also reponed from this region by Pulich (1990). The

, Seadrift area often exhibited the highest turbidities and
predictably the lowestsubmergedvegetation densities (Pulich

,1990). ,Farth~r south, along the Aransas National Wildlife
.Refuge shoreline, Pulich found smooth cordgrass occurred
.in the low saltwater marsh areas, and uplands typically
containedsaltineadow cordgrass, Gulfcordgrass, andseacoast
bluestem.

When TPWD' personnel surveyed the Welder Flats
area in 1990, the upland habit was dominated by a Gulf
cordgrass-halophyre community. It also had saltmarsh,
sandHats,andsubmergedseagrass. The plantspecies occucring

, in the marsh habitat were those commonly associated with
saltwater and brackish-water matshes and transitional
~edands,with wme Occurrence ofspecies ~ually assOCiated
with oligohaline areas (common reed and water nymph).
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Benthos in oligohaline-to-mesohaline Area II The
benthic animals found in this area were the subject of the
same surveys described for the oligohaline area (Area I).
Characteristic benthos of Area II contained 18 species
including: the dominant polychaetes Mediomastus
californi'ensis, Streblospio benedicti, and Parandaliafauvelli;
the pelecypod Rangia cuneata; and the gastropods Hydrobia
sp., Texadina sphinctostoma, and Texadina B (unidentified)
(tables 7.6.2, 7.6.3, and. 7.6.4). Hydrobia
was reported only by the Academy of Natural Sciences of
Philadelphia (1978; 1981) and mayhave been confusedwith
Texadina sp~

Finfish-shellfish in oligohaline-to-mesohalineArea II
The characteristic finfish-shellfish community of this mid­
bay area was comprised of25 species ofboth freshwater and
marine species (Table 7.6.7). Offish inhabitingArea II, only
adult gizzard shad from gill nets were caught more often than
in any other area.

Several species exhibited high catch rates in Area II as
well as in one or more other areas. These were adult and
subadult spott~dgar, subadult Gulfmenhaden, all life stages
of Gulf killifish, subadult and juvenile Atlantic croaker,
adult and subadult brown shrimp, adult and sl.l,badult blue

, ,crab, and subadult.white shrimp.

Eastern oysters were captured most frequently in this
region and the adjacent iower San Antonio Bay area (Area
III). The majority of oyster reefs in the estuary are located
in these two areas (Quast et al. 1988). There are several reefs
in Area N, but they are not as extensive.

Vegetation in mesohaline-to-polyhaline Area III. A
characteristic vegetation assemblage containing five species
was developed from thesubmerged vegetation surveys (Table
7.6.1). Childress et al. (1975) surveyed two sites near Clear
Lake on the North shore of Matagorda Island and listed
shoalgrass and the algae Spyridafilamentosa and Polysiphonia
gorgoniaeas the dominant s~bmergedvegetation, and smooth
cordgrass and sea blite as the dominant emergent vegetation.
Pulich repotted large expanses of widgeongrass and/or
shoalgrass could be found near the Matagorda Island shoreline
during the summer months.

Like the mid-San Antonio Bay area, the submerged
vegetation ofArea III was dominated by widgeongrass and
shoalgrass. The dominant species was related to the average
salinity regime, with widgeongrass fav~red during periods of
lower salinities (less than ,200/00), and shoalgrass favored
during higher salinities (more than 200/00).

The effects of salinity fluctuations around Cedar
Bayouserve to demonstratehowsalinity'can affectsubmerged

vegetation. Cedar Bayou, located in Mesquite Bay, has a
history of periodically opening and closing. When closed,
the salinity regime in Mesquite Bay is largely determined by
freshwater inflowfrom the Guadalupe River and evaporation.
When the pass is open, water exchange with' the Gulf of
Mexico buffers the salinity toward sea.water (350/00). All of
these factors can influence the salinity in Mesquite Bay and
can change the dominant species of the local seagrass bed
(Pulich 1990). When the drought ofthe early 1950's ended
with the flood ofMay 1957, salinities went from between 36
and 500/00 in May to 1.70/00 in June 1957, and remained
below an average of190/00 for at least one year. Concomitant
with this change in the salinity regime was a change in
dominant seagrass flora from shoalgrass to widgeongrass
(Hoese 1960).

Asimilarbutopposite occurrence was noted in October
1987 when Cedar Bayou was opened. The pre-opening
brackish salinities of Mesquite Bay were raised to seawater'
salinity by seawater exchange with the Gulf of Mexico and
caused the dominant submerged species to shift from
widgeongrass to shoalgrass.

Benthos in mesohaline-to-polyhaline Area Ill. Four
studies were used' to characterize the benthos of this area
(Harper 1973; Matthews et al. 1974; White et al. 1989;
Montagna and Kalke 1992). The characteristic benthic
assemblage contained 19 species (t~bles 7.6.2, 7.6.3, and
7.6.4) dominated by the polychaetes M. californiensis and
Parandalia fauvelli.. Although there are fewer dominant
species in Area III compared to the previous two areas,there
were several very common species including the polychaetes
S. benedicti·and Glycinde solitaria, the pelecypod Mulinia
lateralis, and the rhynchocoel Tubulanus pellucidus.
Tubulanuspellucidus and G. solitaria were more common in
this area than in areas I and II. No benthic species was solely
limited to this area or found more frequently than in other
areas.

Finfish-shellfish in mesohaline-to-polyhalineAreaIII.,
Twenty-six species were identified as being characteristic
finfish-shellfish of this area (Table 7.6.7). Two species had
their highest catch rates in this area, adult bay anchovy and
all stages ofsilversides. Several other species had high catch
rates in other areas in addition to Area III including aduit
gafftopsail catfish, juvenile Gulf menhaden, Gulf killifish,
longnosekillifish, sub-adult and juvenile spot, adult Atlantic
croaker, subadult brown shrimp, juvenile red drum, and
adUlt ladyfish (Elops saurus).

Vegetation in polyhaline-to-euhaline Area IV.
,Shoalgrass, widgeongrass and other. saltwater algae were
promi~ent submerged' vegetation types near Shoalwater
Bay, while smooth cordgrass was the dominant emergent '
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Table 7.6.6. Mean catch per sample for organisms caught in upper (area I), mid (area 2), and lower (area 3) San Antonio Bay and Espiritu' Santo Bay (area 4) by TPWD Coastal Fisheries Monitoring Program.

Mean (M), standard error (SE), and sample size (n) Percent of samples
Area Scientific Name Common Name

Gillnet Trawl Bag seine Oyster dredge Gill· Trawl Bag Oyster
net seine dredge

M SE n M SE .n M . SE n M SE n

3 Acetts ammcanus Sergestid shrimp 0.00 0.05 456 0.22
2 Achirus /in~asus Lined sole 0.01 0.01 402 0.50

3 Achirus /in~atus Lined sole 0.00 0.00 825 0.00 0.05 456 0.48 0.22
4 'Achirus /intatus Lined sole 0.00 0.04 544 0.18

3 Adinia xmica Diamond killifish 0.04 O.oI 456 2.19
4 Adinia xmica Diamond killifish 0.13 0.06 544 3.31
4 Akcns cjfiaris Mrican pompano 0.00 0.06 313 0.32
2 Alligator mississippimsis American alligator 0.00 0.06 262 0.38

1 Alosa chrysochloris Skipjack herring O.oI 0.12 69 1.45
2 Alosa chrysochloris Skipjack herring 0.03 0.02 262 0.04 0.34 78 1.53 1.28

3 Alosa chrysoch/oris ' Skipjack herring 0.01 0.01 298 1.34
4 Alosa chrysochloris Skipjack herring 0.00 0.06 313 0.32

2 A/ph~us h~t"ocha~/is Pistol shrimp 0.00 0.05 402 0.25

3 A/ph~us h~t"ocha~/is Pistol shrimp 0.00 0.00 825 0.36
N 4 'A/ph~us h~mocha~/is Pistol shrimp O.oI 0:01 348 0.01 0.10 103 0.57 0.97
V\

'" 4 Aluterus scho~pfi Orange filefish 0.00 0.05 348 0.29

4 Aluterus scriptus Scrawled filefish 0.00 0.05 348 0.29

2 Anchoa h~pusus Striped anchovy 0.00 0.05 402 0.25

3 Anchoa h~putus Striped anchovy 0.00 0.00 825 0.01 O.oI 456 0.24 0.66

4 Anchoa h~ps~tus Striped anchovy o.ill 0.00 348 0.02 0.01 544 0.57 0.92

1 Anchoa !yokpis Dusky anchovy 0.01 0.12 69 1.45

1 Anchoa mitchilli Bay anchovy' 1.65 0.44 66 0.49 0.16 65 36.4 18.5

2 Anchoa mitchilli Bay anchovy 2.35 0.60 402 1.72 1.19 78 35.3 16.7

3 Anchoa miuhilli Bay anchovy 3.52 0.41 825 3.19 0.83 456 40.6 24.3

4 Anchoa mitchilli Bay anchovy 1.78 0.32 348 5.22 2.16 544 31 18

4 Ancylopsma quadroce/lata Ocellated flounder 0.02 0.01 348 0.86

1 Archosargus probatocephalus Sheepshead 0.81 0.21 69 0.14 0.07 66 31.9 7.58

2 Archosargus probatocephalus Sheepshead 0.79 0.18 262 0.01 O.oI 402 0.01 0.11 78 24.4 1.49 1.28

3 Archosargus probatocephalus Sheepshead 0.92 0.15 298 0.02 0.01 825 0.04 0.01 456 28.9 1.94 2.85

4 Archosargus probatocephalus Sheepshead 3.85 0.51 313 O.oI 0.00 348 0.20 0.07 544 60.7 0.86 5.33

1 Ariusfilis Sea catfish 6.28 1.13 69 0.47 0.17 66 0.42 0.36 65 63.8 18.2 3.08

2 Ariusfilis Sea catfish 10.8 0.99 262 0.63 0.09 402 1.18 0.54 78 75.2 24.1 16.7 .

3 Arius-ft/is Sea catfish 14 1.06 298 0.55 0.07 825 0.31 0.08 456 81.2 21.2 7.89

4 Arius filis Sea catfish 13.8 1.00 313 0.47 0.08 348 0.29 0.06 544 85 21 7.17

3 Astroscopusy-gra~(Um Southern stargazer 0.00 0.Q9 456 0.22

4 Astrascopus y-gra«um Southern stargazer 0.00 0.05 348 0.29

1 Aur~/ia aurita Moon jellyfish 15.4 15.2 69 2.90

2 Aur~/ia aurita Moon jellyfish 0.13 0.12 402 0.50

3 Aur~lia aurita Moon jellyfish 2.01 1.72 298 0.08 0.06 825 1.68 0.61

4 Auu/ia aurita Moon jellyfish 3.35 59.3 .313 0.06 0.03 348 0.32 1.15

1 . Bagr~ marinus .Gafftopsail catfish 3.38 1.30 69 0.52 0.29 66 26.1 9.Q9

2 Bagr~ marinus Gafftopsail catfish 5.73 1.13 262 0.56 0.24 402 37.4 9.70

3 Bagr~ marinus Gafftopsail catfish 5.96 0.76 298 1.29 0.33 825 0.00 0.00 456 48 13.5 0.44



Table 7.6.6. (continued) Mean catch per sample for organisms caught in upper (area I), mid (area 2), and lower (,irea 3) San Antonio Bay and Espiritu Santo Bay (area 4) by TPWD Coastal Fisheries Monit~riitg Program.

Mean (M), standard error (SE), and sample size (n) Percent of samples
Area Scientific Na~e Common Name

M

Gillnet

SE n M

Trawl

SE n M

Bag seine

SE n

Oyster dredge

M SE n

GiIl- .Trawl
net

Bag
seine

Oyster
dredge

4 Bai~ marinus Gafftopsail catfish 7.79 1.04 313 1.03 0.42 348 0.00 0.04 544 50.2 10.6 0.18
1 Bairdi~/fa chryJOura .Silver perch om 0.12 69 0.20 0.09 66 0.02 0.12 65 1.45 12.1 1.54
2 Bairditlfa chrysoura Silver perch 0.05 0.02 262 0.27 0.05 402 0.09 0.D7 78 2.29 11.9 3.85
3 Bairditlfa chrysoura Silver perch 0.02 0.01 298 0.34 0.D5 825 0.33 0.13 456 1.68 12.4 5.04
4 Bairditlfa chrysoura Silver perch 0.03 ').01 313 0.47 0.11 348 0.35 0.09 544 2.88 19 8.27
4 Ba/isttI capriscus Gray rriggerfish 0.00 0.05 348 0.29
2 B.,o~. ovata Large comb jelly 1.88 1.27 402 0.77 0.65 78 1.74 3.85
3 B~ro~ ovata Large comb jelly 5.42 1.92 825 0.26 0.16 456 2.79 1.32
4 B~ro~ ovata Large comb jelly 1.87 1.46 348 1.15
1 Br~voortia gunt~ri Finescale menhaden 0.14 0.11 69 4.35
2 Br~voortia gunuri Finescale menhaden 0.81 0.50 262 0.03 0.22 78 8.78 1.28
3 Br~voortia gunuri Finescale menhaden 0.49 0.13 298 0.02 0.01 825 0.06 1.26 456

~

12.1 0.24 0.22
4' Br~voortiagunt.,i Finescale menhaden 0.88 0.22 313 0.04 1.03 544 16 0.18
1 Brtvoortia patronus Gulf menhaden 0.96 0.61 69 3.18 0.68 66 45.1 37.2 65 14.5 54.5 21.5

N 2 Br~voortia patronus Gulf menhaden 1.52 0.53 262 7.58 2.01 402 7.96 7.60 78 21 53.5 7.69
V1
'-I 3 Br~v,?ortia patronus Gulf menhaden 2.06 0.34 298 7.89 1.38 825 11.9 5.27 456 33.9 51 8.99

4 Br~voortia patronus Gulf menhaden 2.64 0.44 313 1.97 6.59 348 9.45 5.54 544 34.8 23 9.74
2 Busycon p~rv~rsum Lightning whelk 0.00 0.10 402 0.25

3 Busyconp~rv~rsum Lightning whelk 0.00 0.06 298 0:34
1 Callin~cttI sapidus Blue crab 1.54 0.39 69 6.20 1.74 66 1.22 0.25 65 0.14 0.35 7 37.7 51.5 47.7 14.3

2 Callin~cttI sapidus Blue cr;b 1.08 0.15 262 6.67 0.55 402 1.64 0.51 78 0.04 0.01 349 27.9 77.9 37.2 3.15
3 . Callinut~s sapidus Blue crab 1.22 0.21 298 4.27 0.30 825 1.88 0.21 456 0.05 0.02 171 30.9 56.4 42.3 3.51

4 Callinut(J sapidus . Blue crab' 1.25 0.17 313 1.41 0.16 348 2.72 0.30 544 0.06 0.02 103 35.1 39.1 50.6 -5:83

1 CallinuttI simi/is Lesser blue crab. 0.05 0.37 65 1.54

2 Callin~cus simi/is Lesser blue dab 0.08 0.02 402 6.22 .

3 CallinuttI simi/is Lesser' blue crab 0.38 0.13 825 0.02 0.33 456 8.61 0.22
4. CallinuttI simi/is Lesser blue crab 0.00 0.06 313 0.23 0.05 348 0.D7 0.02 544 0.32 10.3 2.76

4 Canth.,hin(J pullus . Orangespor filefish 0.00 0.05 348 0.29

4 Caranx barth%ma~i Yellow jack 0.00 0.06 313 0.32

1 Caranx hippos Crevalle jack 0.01 0.12 .69 1.45

2 Caranx hippos Crevalle jack. 0.02 0.01 262 1.53

3 . Caranx hippos Crevalle jack 0.02 0.01 298 om 0.00 825 0.04 0.D2 456 . 1.68 0.85 1.75

4 Caranx hippos . Crevalle jack 0.08 0.02 313. 0.04 0.02 348 0.01 0.01 544 5.43 1.44 0.92

4 Caranx fatus Horse-eye jack 0.01 0.01 348 0.57

4 Carcharhinus acronotus Blacknose shark 0.00 0.06 313 0.32

3 Carcharhinus br~vipinna Spinner shark 0.01 0.23 298 0.34

4 Carcharhinus br~vipinna Spinner shark 0.02 0.01 313 1.28

2 Carcharhinus isodon FinelOoth shark 0.02 0.01 262 0.76

3 Carcharhinui isodon Finetooth shark 0.08 0.06 298 1.68

4 Carcharhinus isodon Finetooth shark 0.22 0.06 313 6.39

1 Carcharhinus uucas Bull shark' 0.42 0.11 69 21.7

2' Carcharhinus uucas . Bull shark 0.53 0.08 262 25.2

3 Carcharhinus' uucas Bull ~hark 0.71 0.11 298 30.5



Table 7.6.6. (continued) Mean catch per sample for organisms caught in upper (area I). mid (area 2). and lower (area 3) San Antonio Bay and Espiritu Santo Bay (area 4) by TPWD Coastal Fisheries Monitoring Program.

Mean (M), standard error (SE), and sample size (n) Percent of samples
Area Scientific Name Common Name

M

Gillnet

SE n M

Trawl

SE n M

Bag seine

SE n

Oyster dredge

M SE n·

GilI-
net

Trawl Bag
seine

Oyster
dredge

4 . Carcharhinus kucas Bull shark 0.82 0.11 313 31.3
2 Carcharhinus /imbatus . Blacktip shark 0.00 0.06 262 0.38
3 Carcharhinus /imbatus Blacktip shark 0.00 0.06 298 0.34
4 Carcharhinus /imbatus Blacktip shark 0.02 0.01 313 1.60
3 Carcharhinus p/umbeus Sandbar shark 0.03 0.02 298 0.67
4 Carcharhinus p/umbeus Sandbar shark 0.00 0.06 313 0.32
1 Chaetodipterus faber Atlantic spadefish 0.01 0.12 69· 1.45
2 Chaetodipterus faber Atlantic spadefish O.ol 0.12 262 Q.38

3 Chaetodipterus faber Atlantic spadefish 0;00 0.06 298 0.01 0.01 825 0.34 0.36
4 Chaetodipterus faber Atlantic spadefish 0.08 0.02 313 0.01 0.00 348 0.01 0.00 544 5.43 0.86 0.37
4 Chasmodes bosfjuianus Striped blenny 0.00 0.G5 348 0.00 0.04 544 0.29 0.18

3 Chelonia mydAs Green sea turtle 0.00 0.06 298 0.34
4 Chilomycterus schoepfi Srriped burrfish 0.00 0.05 348 0.29
4 Chione canu//ata Cross-barred venus 0.01 0.10 103 0.97

N 2 Chloroscombrus chrysurus Atlantic bumper 0.01 0.01 402 0.50
'"00 3 Chloroscombrus chrysurus Atlantic bumper 0.06 0.02 825 0.00 0.05 456 3.27 0.22

4 Chloroscombrus chrysurus Atlantic bumper 4.85 2.54 348' 12.4

1 CitharichthYllpilopterus BaywhifT 0.09 0.04 66 7.58

2 CitharichthYl spilopterus BaywhifT 0.20 0.G5 402 0.15 1.35 78 6.72 1.28

3 CitharichthYl Ipilopterul BaywhifT 0.09 0.01 825 0.06 0.02 456 5.94 3.51
4 CitharichthYl spilopterus BaywhifT 0.11 0.02 348 0.07. 0.02 544 7.76 3.68

3 Class Osteichthyes Class bony fishes 0.00 0.03 825 0.12

2 .Class Polychaeta Polychaete worms 0.04 O.ol 349 3.15

3 Class Polychaeta Polychaete worms 0.G5 0.03 171 2.92

4 ,Class Polychaeta Polychaete worms 0.03 0.02 103 1.94
2 .C/ibanarius vittatul Stripedhermit crab 0.00 0.G5 402 0.06 0.04 78 0.25 3.85

3 C/ibanarius vittatus Striped hermit crab 0.01 0.12 298 0.01 0.00 825 0.02 0.01 456 0.34 0.48 1.54
4 .C/ibanarius vitlatus Striped hermit crab 0.00 0.06 313 0.02 0.01 348 0.09 0.04 544 0.32 1.44 3.86

1 <;rassoltrea virginica Eastern oyster 0.65 0.36 66 0.02 0.12 65 4.71 1.66 7 6.06 1.54 71.4

2 Crassostrea virginica Eastern oyster 0.01 0.18 262 1.09 0.38 402 0.05 0.45 78 45.2 2.73 349 0.38 5.47 1.28 98.6

3 Crasloltrea virginica Eastern oyster 0.11 1.97 298 0.20 0.09 825 0.02 0.01 456 42.5 4.07 171 0.34 2.42 0.66 99.4

4 Crassoltrea virginica Eastern oyster 0.17 0.13 313 0.07 0.G3 348 0.01 0.00 544 35 3.89 103 0.64 2.30 0.37 95.1.

1 Cynolcion arenariul Sand seatrout 0.01 0.12 69 0.03 0.02 66 1.45 3.03

2 Cynolcion arenarius Sand searrout 0.00 0.06 262 0.G9 0.02 402 0.38 7.46

3 Cynolcion arenarius Sand searrout 0.01 0.01 298 0.10 0.02 825 0.02 0.01 456 1.34 6.18 1.10

4 Cynoscion arenarius Sand seatrout 0.04 0.01 313 0.06 0.02 348 0.02 0.01 544 3.83 4.60 1.29

1 Cynoscion nebulosus Sporred searrout 2.G9 0.55 69 0.G9 0.04 66 0.14 0.06 65 47.8 7.58 7.69

2 Cynoscion nebulosul Sporred searrout 2.95 0.40 262 0.08. 0.02 402 0.19 0.G9 78 59.5 5.97 7.69 .

3 Cynolcion nebulosus Sporred seatrout 5.78 0.44 298 0.04 0.01 825 0.40 0.07 456 85.6 3.39. 13.8

4 Cynolcion nebulolus Sporred searrout 8.12 0.67 313 0.03 0.01 348 0.35 0.08 544 90.7 2.30 12.5

2 Cynoscion no/hus Silver searrout 0.01 0.01 402 0.75

4 Cyn'oscion no/hus Silver searrout 0.00 0.05 348 0.29

1 Cyprinodon variegatus Sheepshead minnow 33.4 21.9 65 38.5



Tablc 7.6.6. (continued) Mcan catch per sampic for organisms caught in uppcr (area I), mid (ai~a 2), and lov.:er .(arca 3) San Antonio Bay and Espiritu Santo Bay (area 4) by TPWD Coastal Fisherics Monitoring Program.

Arca Scicntific Name Common Name
Mcan (M), standard error (SE), and sampic size (n) Perccnt of samples

M

Gillnet

SE n M

Trawl

SE n M

Bag seine

SE n

Oystcr dredgc

M SE n

Gill-
net

Trawl Bag
seine

Oyster
dredge

2 Cyprinodon varitgatus Sheepshead minnow 0.00 0.00 402 11.9 3.54 78 0.50 48.7
3 Gyprinodon varitgalJl5 Sheepshead minnow 0.01 0.17 825 12.6 2.77 456 0.12 36
4 Cyprinodon varitgatus Sheepshead minnow 0.00 0.05 348 13.6 3.01 544 0.29 38.2
1 Cyprinus carpio Common carp 0.46 0.26 69 10.1
2 Cyfrinus carpio Common carp 6.09 0.03 262 5.73
3 Cyprinrls carpio Common carp 0.34 0.20 298 0.00 0.00 825 0.01 0.00 456 2.01 0.24 0.44
2 Dactywmdra quinqu((irrha Stinging nettle 0.25 0.13 402 2.99
3 Dactywmtrra quillqutcirrha Stinging netde 0.02 0.29 298 0.41 0.12 825 0.02 0.02 456 0.34 4.24 0.44
4 Dactylomtlra qr,inquuirrha Stinging nettle .0;64 11.3 313 0.11 0.04 348 0.32 2.30
2 Dasyalis amtricana ' Southern stingray .0.01 9.01 262 0.76

3 Dasyalis amrricana Southern stingray '0.00 0.06 298 0.34
4 Dasya/is amtricana Southern sti ngray 0.01 0.00 313 0.64
1 Dasyalis sabina Atlanric stingray 0.04 0,02 69 0.03 0.02 66 0.06 0.04 65 4.35 3.03 4.62
2 Dasyalis sabina Adanric stingray 0.13 0.03 262 0.04 0.01 402 0.28 0.14 78 8.78 2.99 7.69

N 3 Dasyaris sabina Atlantic'stingray 0.07 0.02 298 0.02 0.01 825 0.05 0.01 456 5.37 1.82 3.95 .:';,
'"'" 4 Dasya/is sabina Atlanric stingray 0.08 0.02 313 0.03 0.01 348 0.06 O.fJI 544 7.03 2.30 3.49

4 Diodon hystrix I'orcupincfish 0.00 0.06 313 0.32
I Dorosoma aptdianum Gil.l.ard shad 4.96 1.49 69 0.17 0.08 66 0.43 0.23 ' 65 36.8 9.09 6.15
2 .Dorosoma aptdianum Gizzard shad 10.2 1.31 262 0.05 0.02 402 0.01 0.11 78 63.4 2.24 1.28

3 Dorosoma aptdianum Gizzard shad 3.23 0.40 298 0.fJ9 0.02 825 0.02 O.fJI 456 54.4 3.88 0.66

4 Dorosoma aptdianum Gizzard sh'ad 0.68 0.14 313 0.05 0.04 3.48 0.28 0.24 544 21.1 1.15 1.84

I Dorosoma ptl(1l(1lst Threadfin shad 0.05 0.03 66 3.03
2 Dorosoma pt/W(1/St Threadfin shad 0.01 0.01 262 0.04 0.01 402 0.76 3.23

3 Dorosoma ptt(1l(1lst Threadfin shad 0.03 0.01 825 2.18

4 Dorosoma ptl(1l(1lst Thrcadfin shad 0.02 0.01 348 0.01 0.01 544 1.72 0.55

3 Echiophis in/trhnctus Spollcd spoon-nose eel 0.01 0.12 298 0.34

I £lops saurus Ladyfish 0.06 0.05 69 0.02 0.12 66 0.14 0.12 65 2.90 1.52 3.08

2 Etops saurus Ladyfish 0.20 0.07 262 0,00 0.00 402 0.05 0.45 78 6.87 0.50 1.28

3 Elops saurus Ladyfish .0.45 0.07 298 0.00 0.07 825 0.02 0.01 456 21.1 0.12 1.10

4 Etops saurus Ladyllsh 0.36 0.D5 313 0.01 0.01 544 18.8 !.IO
4 Eror(/is smaragdus Emerald slcepcr 0.00 0.04 544 0.18

2 Etropus crossotus Fringed flounder 0.00 0.05 402 0.25

3 Erropus crossolus Fringcd flounder 0.04 0.02 825 1.09

4 Etropus erossotus Fringed flounder 0.02 0.01 348 1.72

1 Eucinosromus argmtrus Spotlln mojarra 0.02 0.12 66 0.03 0.02 65 1.52 3.08

2 Eucinosromus argmtrus Spotfin mojarra 0.04 0.02 78 . 3.85

3 Eucillosl0mUS argmuus .Spotlin mojarra 0.00 0.03 825 0.37 0.1;7 456 0.12 7.68

4 Eucinoslomus argmreus Spotfin mojarra 0.05 0.03 348 1.71 0.74 544 1.72 14.3

3 EucinoSlomus gula Silver jenny 0.00 0.00 825 0.00 0.05 456 0.24 0.22

4 EucinoSfomus gula Silver jenny 0.01 om 348 0.15 0.08 544 0.57 1.29

3 Eucinoslomus Itfro.yi Mottled mojarra 0.00 0.05 456 0.22

4 ''Eucinosromus Itfr0yi MOllled mojarra 0.00 0.09 544 0.18

3 Evorlhodus Iyricus Lyre goby 0.00 0.05 456 0.22



Table 7.6.6. (continued) Mean catch per sample for organisms caught in upper (area i),mid (area 2), and lower (area 3) San Antonio Baya~d Espiritu Santo Bay (area 4) by TPWD Coastal Fisheries Monitoring Program.

Scientific' Name
Mean (M), standard error (SE), and sample size(n) Percent of samples

Area Common Name
Gillnet Trawl Bag seine Oyster dredge GiIl- Trawl Bag Oyster

net seine dredge
M SE n M SE n M SE n M SE n

2 Family Astacidae Family crayfishes 0.01 0.11 78 1.28
3 Family ASracidae Family crayfishes 0.00 0.03 825 0.12
3 Family Bothidae Family left-hand flounder 0.00 0.07 825 0.12
2 Family Carangidae Family jacks 0.02 0.02 402 0.01 0.11 78 0.75 1.28
3 Family Carangidae Family jacks 0.00 0.03 825 0.12
4 Family Carangidae Family jacks 0.01 0.11 348 0.04 0.02 544 0.29 1.65
1 Family Clupeidae Family herrings 0.02 0.12 "65 1.54
2 Family Clupeidae Family herrings 0.07 0.04 402 1.24
3 Family Clupeidae Family herrings 0.27 0.12 825 0.04 0.02 456 2.18 1.32
4 Family Clupeidae Family herrings 0.09 0.06 348 0.07 0.04 544 1:15 0.55
2 Family Engraulidae Family anchovies 0.01 0.25 402 0.25
3 Family Engraulidae Family anchovies 0.02 0.01 825 0.24
4 . Family Engraulidae Family anchovies 0.05 0.03 348 1.72
I Family Mugilidae Family mullets 1.00 0.68 65 6.15

N 2 Family Mugilidae Family mullets 0.35 0.19 78 5.13
0\
0 3 FamilyMugilidae Family mullets 0.31 0.16 456 3.73

4 Fainily Mugilidae Family mullets 0.30 0.14 544 3.13
1 Family Penaeidae Family penaeids 0.06 0.49 65 1.54

"3 Family Penaeidae Family penaeids 0.00 0.03 825 2.74 58.4 456 0.12 0.22
4 Family Penaeidae Family penaeids " 0.00 0.04 544 0.18
1 Family Pomacentridae Family damselfishes 0.00 0.00 69 1.45
2 Family Pomacentridae Family damselfishes 0.00 0.00 262" 0.38

3 Family Pomacentridae Family damselfishes 0.00 0.00 298 0.34

4 Family Pomacentridae Family damselfishes 0.00 0.00 313 0.96

4 Family Sciaenidae Family drums 0.00 . 0.04 544 0.18

3 Family Sphyrnidae Family hammerhead shark 0.00 0.06 298 0.34

4 Family Sphyrnidae - Family hammerhead shark 0.02 0.40 313 " 0.32 , .
2 Family Xanthidae Family mud crabs 0.00 0.05 402 0.15 0.03 349 0.25 8.31

3 Family Xanthidae Family mud crabs 0.00 0.03 825 0.00 0.05 456 0~08 0.02 171 0.12 0.22 6.43

4 Family Xanthidae Family mud crabs 0.02 0.01 348 0.01 0.13 544 0;02 0.01 103 1.72 0.18 1.94

1 Fundulus grandis Gulf killifish 4.23 2.16 65 23.1'

2 Fundulus grandis Gulf killifish 3.36 1.10 78 29.5

3 Fundulus grandis Gulf killifish 0.01 0.17 825. 3.69 0.65 456 0.12 30.9

4 Fundulus grandis Gulf killifish 1.65 0.42 544 24.3

2 Fundulus pulvatus Bayou killifish 0.01 0;11 78 1.28;

3 Fundulus pulvtrtus Bayou killifish 0.04 0.02 456 1.10

4 Fundulus pulvtrtus Bayou killifish 0.01 0.01 544 0.74

1 Fundulus similis Longnose killifish 0.09 0.06 65 4.62

2 Fundulus similis Longnose"killifish 1.14 0.44 78 23.1

3 Fundulus simi/is Longnose killifish 3.45 0.55 456 29.2

4 Fundulus simi/is Longnose killifish 4.47 0.57 544 .r 34.4

1 Gtrrts cintrtus Yellowfin mojarra 0.03 0.24 66 1.52

7 Gobitsoxpunctulatus Stippled c1ingfish 0.00 0.05 402 0.25



Table 7.6.6. (continued) Mean catch per sample for organisms caught in upper (area I), mid (area 2), and lower (area 3) San Antonio Bay and Espiritu Santo Bay (area 4) by TPWD Coastal Fi~heries MonitoringProgram.

Mean (M), standard error (SE), and sample size (n) Percent of samples
Area Scientific Name "Common Name

M

Gillnet

SE n M

Trawl

SE n M

Bag seine

SE n

Oyster dredge

M SE n

Gill·
net

Trawl Bag
seine

Oyster
dredge

2 Gobitsox strumosus Skilletfish 0.00 0.05,402 0.00 0.05 349 0.25 0.29
3 GobitsOX strumosus Skilletfish 6.00 0.00 825 0.00 0.00 456 0.36 0.44
4 Gobioie/es broussontti Violet goby 0.00 0.05 348 0.29
4 Gobiomorus tIormitor Bigmouth sleeper 0.00 ,0.00 544 · ,(~ 0.37
3 Gobiontllus bokosoma Darter goby 0.02 0.42 456 ·"-~ 0.22
4 Gobiontllus bokosoma Darrer goby 0.09 0.04 544 • ~1 2.39
4 Gobiontllus hastatus Sharptail goby 0.02 0.01 544 1.65
1 Gobiosoma bosei Naked goby 0.15 0.05 65 13.8
2 Gobiosoma bosci Naked goby 0.00 0.00 402 0.01 0.01 349 0.50 0.86
3 Gobiosoma bosei Naked goby 0.00 0.00 825 0.07 0.02 456 0.02 0.01 171 0.24 3.29 1.75
4 Gobiosoma bosci Naked goby 0.00 0.05 348 0.D7 0.02 544 0.29 3.68
3 Gobiosoma robustum Code goby 0.00 0.00 456 0.44
4 Gobiosoma robustum Code goby 0.01 0.01 544 0.92
3 Harengula jaguana Scaled sardine 0.00 0.D3 825 0.01 0.01 456 0.12 0.44

N 4 Hartngulajaguana Scaled sardine 0.01 0.01 348 0.11 0.06 544 0.86 1.29
C\- 2 Htmiearanx amb/y~hynehus Blunrnose jack 0.01 0.01 402 0;50

3 Htmiearanx amb/yrhjnehus Blunrnose jack 0.00 0.00 825 0.00 0.00 456 · ,,:, . 0.36 0.44
4 Htmiearanx amb/yrhynehus Blunrnose jack 0.02 0.01 348 0.02 0.01 544 1.15 0.37
4 Hippocampus zosltrat Dwarf seahorse 0.01 0.00 348 0.57
4 Hippo/ysmata wurdtmanni Peppermint shrimp 0.01 0.11 348 0.29
4 Hismo hisrrio Sargassumfish 0.00 0.04 544 0.18
3 Hyporhamphus unifasciarus Halfbeak 0.02 0.01 456 0.44
4 Hyporhamphus 'unifasciarus Halfbeak 0.00 0.05 348 0.00 0.09 544 0.29 0.18
I Ietalurus furearus Blue catfish 3.86 0.95 69 1.86 0.56 66 0.05 0.03 65 42 33.3 4.62
2 Ietalurus furearus Blue catfish 0.89 0.32 262, 0.36 0.14 402 9.92 5.97,

3 Ietalurus furearus Blue catfish 0.44 0.22 298 0.21 0.07 825 2.35 3.76
4 Ietalurus furearus Blue catfish 0.11 0.05 544 1.84
2 Ietalurus punetatus Channel catfish 0.00 0.06 262 0.01 0.20 402 0.38 0.25
3 Ietalu,rus punetatus Channel catfish 0.01 0.12 298 0.34
4 Ietalurus punetarus Channel catfish 0.01 0.00 544 0.55
1 Ietiobus bubalus Smallmouth buffalo 0.65 0.31 69 0.02 0.12 65 11.6 1.54
2 Ietiobus bubalus Smallmouth buffalo 0.02· ' 0.01 262' 0.01 0.11 78 1.15 1.28

3 Ietiobus bubalus Smallmouth buffalo 0.05 0.04 298 1.01

I Isehadium rteurvum Hooked mussel 0.41 3.~0 66 1.52

2 Isehadium rtcurvum Hooked mussel 0.01. 0.18 262 0.38

3 Isehadium rteurvum Hooked mussel 0.36 6.25 298 0.34

4 Isehadium rtcurvum Hooked mussel 0.00 0.06 313 0.32

4 Kyphosus incisor Yellow chub 0.00 0.06 313 0.32

4 Lagoetphalus latvigarus Smooth puffer ,0.01 0.11 348 0.29

I Lagotlon'rhomboidts Pinfish 0.01 0.12 69 0.70 0.34 66 0.51 0.24 65 1.45 16.7 9.23
. 2' Lagotlon rhomboidts Pinfish 0.03 0.01 262 '1.17 0.26 402 4.60 1.42 78 2.67 22.9 39.7

3 Lagotlon rhomboidts Pinfish 0.11 0.D3 298 1.67 0.24 825 8.93 1.48 456 5.37 28.4 43.6

4 Lagotlon rhomboidts Pinfish 0.23 0.07 313 10.4 1.46 348 14.3 2.47 544 8.63 56.3 43.9



Table 7.6.6. (continued) Mean catch per sample for organisms caught in upper (area I), mid (area 2), and lower (area 3) San Antonio Bay and Espiritu Santo Bay (area 4) by TPWD Coastal Fisheries Monitoring Pr~gram.

Mean (M), stan'dard error (SE), and sample size (n) Percent of samples
fuea Scientific Name Common Name

M

Gillnet

SE 'n M

Trawl

SE n M

Bag 'seine

SE n

Oyster dredge

M SE n

GiII-
net

Trawl Bag
seine

Oyster
dredge

4 Larimusfasciatus Banded drum' 0.00 0.G5 348 0.29
I Ldostomus xanthurus Spot 0,51 0.26 69 0.61 0,40 66 1.25 0.61 65 13 15.2 16.9
2 L~iostomus xanthurus Spot 0.38 0.08 262 1.89 0,40 402 2.99 1.18 78 16 27,4 24,4
3 L~iostomus xanthurus .- Spot 0.97 0.14 298 5.94 0.75 825 10.7 2.36 456 31.5 42.5 35.1
4 L~iostomus xanthurus Spot 1.37 0.23 313 6.88 0.94 348 4.96 0.88 544 30 48.6 31.3
I L~pisosttus oeulatus Spotted gar 1.39 0.65 69 20.3
2 L~pisostms oeulatus Spotted gar 1.06 0.22 262 20.2
3 L~pisoSfms oculatus Spotted gar 0.23 0.15 298 0.00 0.03 825 3.69 0.12
4 L~pisos(t;Us oculatus Spotted gar 0.01 0.11 313 0.32
I L~pisost~us ossms Longnose' gar 2.28 0.73 69 23.2
2 L~pisostros oss~us Longnose gar 1.12 0.27 262 15.3
3 L~pisostros OSttUS Longnose gar 0.02 0.01 298 1.68
4 L~pisostros OSttUS Longnose gar 0.01 0.00 313 0.64
1 L~pisosttus platos~"!us Shortnose gar 0.71 0.22 69 0,02 0.12 66 18.8 1.52

'" 2 L~pisosuus platostonius Shorrnose gar 0,43 0.12 262 10.7
0\

'" 3 L~pisosttus platoSfonius Shortnose gar 0.23 0.13 298 4.03
4 L~pisostros platostomus Shorrnose gar 0.02 0.34 313 0.32

I L~pisosttus spatula Alligator gar 1.36 0.27 69 44.9
2 L~pisostros-spatula Alligator gar 1.62 0.18 262 0.01 0.00 402 46.9 0.75

3 L~pisost= spatula Alligator gar 0.79 0.10 298 31.9
4 L~pisostros spatula Alligator gar 0.21 0.05 313 0.00 0.04 544 13,4 0.18

I Libinia dubia Spider crab O.Ol 0.12 69 1.45
2 Libinia dubia Spider crab 0.00 0.05 402 0.25

3 Libinia dubia Spider crab 0.00 0.06 298 0.00 0.00 825 0.34 0.24

4 Libinia dubia Spider crab 0.03 0.01 313 0.01 0.01 348 1.92 1.15
4 Libinia '~marginata Spider crab 0.00 0.06 313 0.01 0.00 348 0.32 0.57

2 Lobot~s surinammsis Tripletail 0.01 0.01 262 0.76

3 Lobow surinammsis Tripletail 0.02 0.01 298 2.01

4 Lobotts surinammsis Tripletail 0.07 0.02 313 6.07

2 Lo//iguncula br~vis Brief squid 0.05 0.02 402 2.99

3 Lo//iguncula br~vis Brief squid 0.32 0.G5 825 13.3

4 Lo//iguncula br~vis Brief squid 1.79 0.27 348 39.7

I Lucania parva Rainwater killifish 0.08 ' 0.06 65 3.08

2 Lucania parva Rainwater killifish 0.14 0.13 78 2.56,

3 Lucania parva Rainwater killifish 0.20 0.09 456 5.70

4 Lucania parva Rainwater killifish 0.18 0.09 544 5.33

4 LuMia clathrata Starfish 0.00 0.G5 348 0.29

3 Lutjanus grittus Gray snapper 0.01 0.01 .298 0.00 0.G5 456 1.34 0.22

4 Lutjanus gris~us Gray snapper 0.02 0.01 313 0.01 0.01 544 0.96 0.74

3 Lutjanus joeu Dog snapper 0.00 0.03 825 0.12

I Macrobrachium ohiont River shrimp 0.20 0.13 66 0.28 0.26 65 6.06 3.08

2 Macrobrachium ohiont River shrimp 0.04 0.01 402 0,36 3.15 78 3.73 1.28

3 Macrobrachium ohiont River shrimp 0.02 0.01 825 0.01 0.00 456 0.73 0.66



Table 7.6.6. (continued) Mean catch per sample for organisms caught in upper (area I), mid (area 2), and lower (area 3) San Antonio Bay and Espiritu Santo Bay (area 4) by TPWD Coastal Fisheries Monitoring Program.

Area Scientific Name Common Name
Mean (M), standard error (SE), and sample size (n) Percent of samples

M

Gillnet

SE n M

Trawl

SE n M

Bag seine

SE n

Oyster dredge

M SE n

Gill· . Trawl
net

Bag
seine

Oyster
dredge

4 Macrobrachium ohiont River shrimp 0.12 0.11 544 1.10
1 Malackmys u"apin Diamondback terrapin O.oI 0.12 69 1.45
2 Malackmys ttrrapin Diamondback terrapin 0.00 0.00 402 0.50
3 Malackmys u"apin Diamondback terrapin 0.01 0.00 298 0.00 0.03 825 0.67 0.12
1 Mtgalops atlanticus Tarpon 0.01 0.12 69 1.45
2 Mtgalops atlanticus Tarpon 0.Q2 0.01 262 1.53
3 Mtgalops atlanticus Tarpon . O.oI 0.01 298 0.00 0.03 825 1.01 0.12
4 Mtgalops atlanticus Tarpon 0.01 O.oI 313 0.96. 1 Mtmbras martinica Rough silverside 0.08 0.06 65 3.08
2 Mtmbras martinica Rough silverside 0.00 0.05 402 0.29 0.26 78 0.25 3.85
3 Mtmbras martinica Rough silverside 0.20 0.08 456 3.07
4 Mtmbras martinica Rough silverside 0.27 0.13 544 2.21
1 Mmidiasp.. Silverside 2.02 1.06 65 20.00
2 Mmidiasp. Silverside 0.01 0.05 402 1.27 0.41 178 0.75 15.4

to.> 3 Mmidiasp. Silverside 0.02 0.03 825 12.31 2.14 456 0.48 46.5
Q'\.... 4 Mmidiasp.. Silverside 0.01 0.00 348 8.72 1.24 544 0.86 45.2

1 Mmippt mtranaria Stone crab 0.Q7 0.05 69 4.35
2 Mmippt mtrcmaria Stone crab 0.03 0.01 262 0.01 0.01 402 0.02 0.01 349 2.67 0.75 1.15
3 Mmippt mtrcmaria Stone ctab 0.20 0.04 298 .0.01 0.00 825 0.00 0.D5 456 0.05 0.02 171 12.1 0.48 0.22 4.09
4 Mmippt mtranaria Stone crab 0.20 0.D5 313 .0.01 0.01 348 0.00 0.04 544 0.01 0.10 103 9.58 . 1.15 0.18 0.97
2 Mmticirrhus amtricanus Southern kingfish 0.Q2 0.37 262 0.00 0.05 402 0.38 0.25
3 Mmticirrhus amtricanus Southern kingfish 0.00 0.06 298 .0.00 0.05 456 0.34 0.22
4 Mmticirrhus amuicanus 'Southern kingfish 0.04 0.01 313 0.00 0.05 348 0.03 0.01 544 3.19 0.29 1.84
2 Mmticirrhus littoralis Gulf lUngfish 0.00 0.06 262 0.38
4 Mmticirrhus littoralis Gulf lUngfish 0.05 0.02 313 0.03 0.01 544 2.88 1.29
4 Mmticir~hus saxati/is Northern kingfish O.oI 0.17 313 0.32

2 Mtrc!naria ca-"'ptchimsis Southern quahog 0.00 0.10 402 O.oI 0.00 349 0.25 0.57
.3 Mtranaria camptchimsis Southern quahgg 0.01 0.08 171 0.58
4 Mtranaria ca",ptchimsis Texas quahog 0.00 0.05 348 0.29

to:ana
2 Microgobius gulosus Clown goby 0.05 0.45 78 . 1.28

3 Microgobius gulosus Clown goby 0.01 0.01 456 Q.44
3 Microgobius thlliassinus Green goby 0.00' . 0.05 456 0.22

I Micropogonias unduLuus Atlantic croaker 0.59 0.16 69 12.4 3.06 66 1.71 0.53 65 23.2 69.7 29.2

2 Micropogonias undulatus Atlantic croaker 0.64 0.14 262 13.8 2.01 402 0.72 0.32 78 17.2 57.2 16.7

3 Micropogonias undulatus Atlantic croaker 1.93 0.30 298 9.25 . 0.95 825 1.35 0.52 456 0.01 0.15 171 34.9 55.9 17.3 0.58
4 Micropogonias undulatus Atlantic croaker 1.44 0:28 313 4.57 0.73 348 1.16 0.25 544 26.5 43.7 13.2

2 Micropurus sa/moitks Lirgemouth bass 0.00 0.06 262 0,38

2 Mntmiopsis mccradyi Phosphorus jelly 0.52 0.25 402 0.64 5.62 78 1.49. 1.28

3 Mntmiopsis mctr/ldyi' Phosphorus jelly 1.53 0.87 825 1.45 1.11 456 1.21 1.32

2 Monacanthus h;,piduJ Planehead filefish 0.00 0.05 402 0.25

3 MonacanthuJ hispidw Planehead filefish 0.00 0.00 825 0.24

I Moront chryJops White bass 0.06 0.48 69 0.03 0.24 66 1.45 1.52



Tablci 7.6.6. (wntinued) Mean catch per sample for organism. caught in upper (area 1). mid (area i), imd lower (area 3) San Antonio Bay and Espiritu Santo Bay (area 4) by TPWD Coastal Fisheries Monitoring Program.

Area '.' Scie.ntific Name C~mmon Nanie
Mean (M), standard error (SE), and sample-size (n) Percent of samples

Gillntt Trawl Bag seine Oyster dr~dge GiII- Trawl Bag' Oyster ,.
net sei~e . dredge .. \

M SE n M SE n M SE n M SE n

2 Moront. ehrytopt White bass 0.01 0.01 262 0.76
4 Moront ehrytopt . White bass 0.01 0.01 544 0.37
2 Moront taxati/it Striped bass 0.00 0.06 262 0.38
I M~gi/ apha/ut, Striped mullet 6.81 1.21 69 4.20 2.68 66 2.20 0.54 65 69.6 16.7 40 '. .;.;.
'2 Mugi/apha~ut . Striped mullet 6.92 0.87 262 0.38 0.16 402 2.53 0.83 78 69.8 4.73 35.9
3 Mugil etpha/ut Striped mullet 6.94 0.84 298 0.44 0.10 825 4.55 0.78 456 74.8. 7.03· 42.3.'
4 Mugil.aphaillt Striped mullet 4.72 0.41 313 0.48 0.31 348 3.14 0.57 544 73.5 3.74 35.7
I Mugil eurtma. '. White mullet 0.72 0.39 65 . 12.3
2 Mugi/ eurema .. White'mullet 0.00 0.05 402 0.53 0.20 . 78 0.25 14.1 .. · .'
J MugU curema '. Whiiemullet 0.00 0.00 825 I.l6 0.26 456 0.24 13.4 .

4 M"gil eure.ma White muller 0.01 0.00' 348 1.78 0.46 544 0.57 15.6
4 My~ophis punaatll.' 'Speckled worm eel 0.00 0.05 348 0.29.,.
1 N~gaprion brtllirostrit Lemon shark 0.03 0.02 69

,.
2.90'-,,"

2 t:ltgapri.0n IJrtllirottris ~mon sha~k 0.00 0.06 262 0.38
N 3 Ntgaprion. brevirottrit Lemon shark 0.01 0.01 298 1.01
~ 4 NtgapHo,; brevirottrit ~mon shark 0.04 0.01 313 3.51

3' N~"!~pjjt baehti Hydrorl)edusa 0.67 . 0.61 825 0.24 .
1 !,!topa[tOp'~,ttxana Xar\thid crab 0.02 0.12 65 I.54 "
2 Ntopanl?piuxana Xanthid c'rab 0.01 0.00 402 0.00 0.05 349 0.75 0.29
3 Ntopanopt .itxanlJ Xanthid crab 0.00 0.03 825 0.00 .0.05' 456 0.12 0.22
2 O/igop/ittt taurut" Leath~rjacket 0.05 0-45 78 1.28
3' O/igoplittt ta",;rut ~atherjacket 0.04 0,02 '456. 1.54
4 O/igop/ittt saurus ~arh:erjacket 0.06 0.02 '544 3.68
4 Ophie~ihut gomtti Shrimp eel 0.00 0.04 544 0.18

3 Opi,thontma og/inum . Atlantic thread herring 0.02 ' 0.02 825 0.36
4 Opit/hontma og/inum Atlantic thread herring 0.19 0.10 348 3.45
2 Optairut btta Gulftoadfish 0.02 0.01 402 0.00 0.05 349 1.49 0.29

3 Op;a,iut'btta Gulf ioadfish . 0.01" , 0.0'0- 825 0.73
4 O/uanut b~/a Gulf roadfisli' 0.01 ., 0.0)"348 0.01 0.00 544 I.l5 '0.37

4 Order ACii'hiaria Oider a'nemones' 0.00 0.05 348 0.29
4' Order'Hydroidea Order hy'droids 0.01 0.27 348 0.29

I Orthopris/it ehryJOpura Pigfish 0.07 0.06 69 2.90

2 ()rthoprit~it ehrytopttra rigfish. . ,0.01 0.01 .262 0.01 0.00 ~02 0.12 0.09 78 0.76 1.00 2.56

3 Orthopristit ehrytopttra Pigfish 0.04 0.01 298 0.02 0.01 825 0.26 0.11 456 3.36 1.09 4.17

4 Orthopristit ehrytopura Pigfish 0.18 0.04 313 0.15 0.04,348 0.30 0.18 544 8.31 7.76 3.13

3 Ovaliptt guadulptm;, Lady crab 0.00 0.03 825 " . 0.12

3 Pagurut /ongiearput Long claw hermir crab 0.00 0.00' 825 0.24

4 Pagurut Iongiearput Long claw hermir crab 0.01 0.00 . 544 0.55

2 Pagurut pol/iearit Big claw hermit crab 0.00 ,,' 0.05 402 . " ··i 0.25

3 Pagurus polliearit Big claw hermit crab 0.00 0.03 825 0.00 0.05 456 0.12 0.22

4 Pagurut pol/iearit Big cla,w hermit crab 0.02 0.01 348 0.00' 0.00544 2.01 0.37

1 Pakumonrttt pugio Grass shrimp, 0.18 1.48 65 1.54

3 Pakumontttt pugio Grass shrimp 0.01 0.19 456 0.22



Table 7.6.6. (continued) Mean catch pet sample for organisms caught in upper (area 1), mid (area 2), and lower (area 3) San Antonio Bay and Espiritu Santo Bay (area 4) by TPWD Coastal Fisheries Monitoring Program.

Area Scienrific Name Common Name
Mean (M), standard error (SE), and sample size (n) Percent of samples

M

Gillnet

SE n M

Trawl

SE n M

Bag seine

SE n

Oyster dredge

M SE n

GiII-
net

Trawl Bag
seIne'

Oyster
dredge

1 Palamonttts sp. Grass shrimp-unidenrified 2.14 0.75 65 33.8
2 Palamontus sp. , Grass shrimp-unidentified 0.02 0.01 402 11.4 6.48 78 1.00 32.1
3 Palamontf(s sp. Grass shrimp-unidentified 0.04, 0.02 825 3.08 0.88 456 1.33 22.4
4 Palamontus sp. ' Grass shrimp-unidentified O.oI 0.11 348 ,4.86 1.07 544 0.29 25.4
1 ,Paralichthys albigutta Gulf flounder 0.01 0.12 69 1.45
2 Paralichthys albigutta Gulf flounder 0.02 0.02 262 0.76
3 Paralichthys albigutta Gulf flounder 0.01 0.01 298 0.01 0.00 456 1.01 0.88
4 Paralichthys a/bigutta Gulf flounder 0.10 0.02 313 0.00 0.00 544 8.63 0.37
1 Paralichthys Itthostigma Southern flounder 1.01 0.16 69 0.42 0.14 66 0.08 0.04 65 52.2 18.2 6.15
2 Paralichthys kthostigma Southern flounder 0.80 0.08 262 0.12 0.02 402 0.D3 0.22 78 38.9 9.45 1.28
3 ' Parillichthys Itthostigma Southern flounder 1.05 0.D9 298 0.16 0.03 825' 0.08 0.02 456 50 8.48 4.39
4 Paralichthjs kthoJtigma Southern flounder 1.57 0.15 313 0.02 0.01 348 0.08 0.02 544 55.3 2.01 4.60
1 Pmiuus aztuus Brown shrimp' 11.2 6.15 66 2.48 0.80 65 24.2 29.2
2 Pmatusazucus Brown shrimp , 16.1 2.15 402 8.55 3.41 78 52.2 35.9

N 3 Pmatus azucus Brown shrimp 13.2 1;93 825 7.63 ' 0.99 456 40.8 38.2
0\
V> 4 Pmatus azucus Brown shrimp 4.30 0.93 348 12.6 1.63 544 31.9 43.4

2 Pmatus duo~arum Pink shrimp 0.31 0.10 402 0.04 0.03 ',78 7.96 2.56
3 Pmatus duorarum Pink shrimp 0.76 0.15 825 0.61 0.48 456 9.21 3.07
4 Pmatus duorarum Pink shrimp 0.42 0.10 348 0.21 0.09 544 10.3 2.76
I Pmatus setiftrus White shrimp 3.74 1.51 66 ' 4.28 1.83 65 37.9 30.8
2 Pmatus sttiftrus White shrimp 0.01 0.12 262 7.20 1.11 402 1.40 0.42 78 0.38 47.3 . 20.5
3 PmaiUs sttiftrus White shtimp 3.57 0.35 825 6.80 1.90 456 37.1 24.1
4 Pmatus utiftrus White shrimp 0.00 0.06 313 0.82 0.15 348 9.66 1.76 544 0.32 17 '32.9
I Ptprilus akpidotUs Harvestfish' 0.01 0.12 69 1.45
2 Ptprilus altpidotus Harvestfish 0.01 0.01 262 0.76
3 Ptprilus altpidotus Harvestfish 0.00 0.06 298 0.01 0.01 825 0.34 0.97
4 Ptprilus altpidotus Harvestfish 0.03 0.01 313 0.03 0.01 348 2.24 2.01
2 Ptprilui burti Gulf burrerfish 0.01 0.00 402 0.75
3 Ptprilus burti Gulf burrerfish 0.12 0.02 825 5;21
4 Ptprilus burti Gulf burrerfish 0.00 0.06 313 D.61 0.15 348 0.32 i5.2
2 Pttrolisthts armatus Porcellanid crab 0.03 0.03 349 0.86
3 Pttrolisthu armatus Porcellanid crab 0.02 O.oI 17L 1.17
4 Pttrolisthts armatus Porcellanid crab 0.01 0.01 348 0.D7 0.03 103 0.57 3.88
I Phylum Ctenophora Phylum ctenophores 0.23 0.13 66 0.08 0.62 65 4.55 1.54
2 Phylum Ctenophora Phylum ctenophores 21.5 4.74 402 0.83 0.65 78 15.4 5.13
3 Phylum Ctenophora Phylum ctenophores 8.08 2.01 825 1.21 1.10 456 6.67 2.41
4 Phylum Ctenophora Phylum ctenophores 2.49 '1.48 348 0.23 0.13 544 5.75 1.29

4 Phylum Porifera Phylum sponges 0.27 0.06 348 0.16 0.08 103 6.32 3.88
3 Podiaps caspicus Eared grebe 0.00 0.06 298 0.34

3 Pouilia latipinna Sailfin molly 0.08 0.04 456 1.97
4 . Pouilia latipinna Sailfin molly ,,0.03 0.01 544 1,29
1 Pogonias cromis Black drum 5.46 0.98 69 0.23 0.13 66 0.02 0.12 65 60.9 7.58 1.54
2 ,Pogonias cromis Black drum 6.05 0.62 262 0.03 0.02 402 0.05 0.03 78 75.2 0.75 3.85



Table 7.6.6; (continued) Mean catch per sample for organisms caught in upper (area 1), mid (area 2), and lower (area 3) San Antonio Bay and Espiritu Santo Bay (area 4) by TPWD Coastal Fisheries Monitoring Program.

Mean (M). standard error (SE), and sample size (n) Percent of samples
Area ' Scientific Name Common Name

M

Gillnet

SE n M

Trawl

SE n M

Bag seine

SE n

Oyster dredge

M SE n

Gill-, Trawl
net

Bag
seine

Oyster
dredge

3 Pogonias cromis Black drum 5.59 0.46 298 0.01 0.01 825 0.21 0.10 456 76.5 0.73 5.92
4 ' Pogonias cromis Black drum 5.29 0.44 313 0.01 0.01 348 0.Q5 0.02 544 72.2 1.15 2.57
2 Po/inim dup/icatus Shark's eye 0.05 0.02 402 3.73
3 Po/inic~s dup/icatus Shark's eye 0.01 0.00 825 0.00 0.Q5 456 1.09 0.22
4 Po/inim dup/ii:atus Shark's eye 0.Q3 0.01 348 0.01 0.00 544 2.59 0.92
1 Polydacty/us octon~mus Atlantic threadfin 0.Q5 0.03 66 4.55
2 Po/inim dup/icatus Atlantic threadfin 0.Q9 0.03 402 0.01 0.11 78 3.48 1.28

,3 Po/inim dup/icatus Atlantic threadfin 0.00 0.06 298 0.14 0.03 825 0.Q3 0.02 456 0.34 5.45 0.66
4 Po/inic~s dup/icatus Atlantic threadfin 0.01 0.01 313 0.08 0.02 348 0.04 0.02 544 0.96 5.46 1.47
2 Pomatomus sa/tatrix Bluefish 0.00 0.06 262 0.38
3 Pomatomus sa/tatrix Bluefish 0.00 0.06 298 0.34
4 Pomatomus sa/tatrix Bluefish 0.08 0.04 313 0.00 0.04 544 2.56 0.18
2 Pomoxis annularis White crappie 0.00 0.Q5 402 0.25
1 Pomoxis nigromaculatus Black crappie 0.Q5 0.03 65 3.08

N 3 Pomoxis nigromaculatus Black crappie 0.00 0.05 456 0.22
~ 2 Porce//ana sayana Porcellanid crab 0.00 0.05 402' 0.25

4 Porc~/lana sayana Porcellanid crab 0.03 0.29 103 0.97
2 Porichthys pleetrodon Atlantic midshipman 0.01 0.01 402 0.75
3 Porichthys p/tctrodon Atlantic midshipman 0.01 0.00 825 0.73
2 Portunus gibbesii Purple crab 0.00 0.05 402 0.25
3 Portunus gibbesii Purple crab 0.00 0.00 825 0.24
4 Portunus gibbesii Purple crab 0.02 0.01 348 2.01

3 Portunus spinicarpus Portunid crab 0.00 0.Q3 825 0.12
2 Prionotus rubio Blackfin searobin 0.00 0.Q5 402 0.25
2 Prionotus tribu/us Bighead searobin 0.00 0.06 262 0.03 0.01 402 0.38 2.24

3 Prionotus tribu/us Bighead searobin 0.01 0.00 298 0.06 0.01 825 0.67 3.64
4 Prionotus tribu/us Bighead searobin 0.01 0.00 313 0.02 0.01 348 0.01 0.00 544 0.64 1.72 0.74
1 Pylodictis o/ivaris Flathead catfish 0.03 0.02 69 2.90

4 Rizchycentron canadum 'Cobia 0.00 0.Q5 348 0.29
1 Rizngia cuneata Common rangia 0.27 0.16 66 0.02 0.12 65 7.71 4.86 7 7.58 1.54 42.9

2 Rizngia cuneata Common rangia 0.02 0.01 402 0.02 0.01 349 1.49 1.15

3 Rizngia cuneata Common rangia 0.02 0.01 825 0.Q5 0.03 171 0.73 1.75
1 'Rizngia fkxuosa Brown rangia 0.03 0.24 66 1.52
3 ' Rizngia fkxuosa Brown rangia 0.00 0.Q3 825 0.12

1 Rhinopttra bonasus Cownose ray 0.01 0.12 69 1.45

2 Rhinoptera bonasus Cownose ray 0.00 0.06 262 0.38

3 Rhinopttra bonasus Cownose ray 0.03 0.01 298 2.35

4 Rhinopttra bonasus Cownose ray 0.08 0.03 313 4.15

3 Rhizoprionotkn ttrramovae Atlantic sharpnose shark 0.01 0.01 298 0.67

4 Rhizoprionotkn ttrramovae Atlantic sharpnose shark 0.11 0.05 313 2.88

4 Saurida brasiliensis Largescale lizardfish 0.01 0.11348 0.29

1 , Sciaenops oct/latus Red drum 13.1 2.02 69 0.57 0.17 65 79.7 24.6

2 Sciamops oct/latus Red drum 7.53 0.73 262 0.00 0.00 402 0.22 0.06 78 79 0.50 15.4



Table 7.6.6. (continued) Mean catch per sample for organisms caught in upper (area 1), mid (area 2), and lower (area 3) San Antonio Bay and Espiritu Santo Bay (area 4) by TPWD Coastal Fisheries Monitoring Program.

Area Scientific Name Common Name
Mean (M), standard error (SE), and sample size (n) Percent of samples

M

Gillnet

SE n M

Trawl

SE n M

Bag seine

SE n M

Oyster dredge

SE n

Gill-
net

Trawl Bag
seine

Oyster
dredge

3 Sciamops ocellatus Red drum 7.51 0.54 298 . 0.01 0.00 825 0.53 0.09 '456 83.6 0.61 16.4
4 Sciamops ocellatus Red drum 10.7 0.62 313 0.00 O.os 348 0.67 0.12 544 91.4 0.29 19.5
4 Scomberomorus cavalla King mackerel 0.00 0.04 544 0.18
2 Scomberomorus maculatus Spanish mackerel 0.05 0.74 262 '0.38
4 Scomberomorus maculatus Spanish mackerel 0.01 0.01 313 0.00 0.04 544 0.96 0.18
2 Selme utapinnis Atlantic moonfish 0.00 0.05 402 0.25
3 Seune. utapinnis Atlantic moonfish 0.00 0.03 825 0.12
4 Seune utapinnis Atlantic moonfish 0.08 0.03 348 3.45
2 Selme vomer Lookdown 0.00 0.05 402 0.25
3 Seune vomer Lookdown 0.00 0.03 825 0.12
4 Seune vomer Lookdown 0.02 0.01 313 0.G3 0.01 348 0.64 2.30
4 Sicyonia brevirostris Rock shrimp 0.00 O.os 348 0.29
4 Sicyonia dorsalis Lesser rock shrimp 0.00 0.04 544 0.18
2 Sphoeroitks parvus Least puffer 0.06 0.02.402 0.09 0.04 78 3.73 7.69

N 3 Sphoeroitks parvus Least puffer 0.12 0.G3 825 0.35 0.15 456 5.58 7.89
C\
'-l 4 Sphoeroitks parvus Least puffer 0.05 0.02 348 0.G9 0.05 544 4.31 2.94

4 Sphomitks spmgleri Bandtail puffer 0.00 0.05 348 0.29
4 Sphyrna lewini Scalloped hammerhead 0.00 0.05 348 0.29
1 Sphyrna tiburo Bonnethead 0.01 0.12 69 1.45
2 Sphyrna tiburo Bonnethead 0.81 0.81 262 0.76
3 Sphyrna tiburo Bonnethead 0.12 0.05 298 4.03
4 Sphyrna tiburo Bonnethead 0.48 0.13 313 14.4
2 Squilla empusa Mantis shrimp 0.00 0.00 402 0.50

3 Sphyrna tiburo Mantis shrimp 0.01 O.oI 825 0.85
4 Sphyrna tiburo Mantis shrimp 0.04 0.01 348 2.87
3 Stelljftr lanceolatus Star drum 0.03 0.02 825 0.48
4 Stelljftr lanceolatus Star drum 0.00 0.04 544 0.18
1 Stomolophus mekagris Cabbagehead 0.31 0.28 65 3.08
2 .Stomolophus mekagris Cabbagehead 4.79 2.29 402 0.22 1.91 78 0.03 0.53 349 8.71 1.28 0.29
3 Stomolophus meuagris . Cabbagehead 0.00 0.06 298 2.03 0.45 825 0.18 0.15 456 0.34 12 0.88
4 Stomolophus meleagris Cabbagehead O.oI O.oI 313 0.25 0.09 348 0.00 0.09 544 0.0.1 0.10 103 0.64 6.32 0.18 0.97
2 Strongylura marina Atlantic needldish 0.01 0.01 262 0.G3 0.02 78 0.76 2.56

.;4

3 Strongylura marina Atlantic needlefish 0.00 0.06 298 0.06 0.02 456 0.34 3.73
4 Strongylura marina Atlantic needlefish 0.00 0.06 313 0.08 0.04 544 0.32 2.21
2 Suborder Reptanria Suborder reptantia 0.00 0.05 402 . '0.25
4 _Suborder Reptantia Suborder reptantia 0.00 0.04 544 . 0.18

2 Symphurus plagiusa Blackcheek ronguefish 0.01 0.01 402 1.00

3 Symphurus plagiusa Blackcheek tonguefish 0.01 0.00 825' 0.03 O.oI 456 1.21 (.54

4 Symphurus plagiusa . Blackcheek tonguefish 0.01-. O.oI 348 0.G3 0.01 544 0.86 2.39
1 Syngnathus florid/It Dusky pipefish 0.02 '0.12 65 1.54

3 Syngnathus fIoridae Dusky pipefish 0.00 . 0.05 456 0.22

.4 Syngnathus fIoridae Dusky pipefish 0.00 0.04 544 0.18

2 Syngnathus Iouisianae Chain pipefish . 0.00. 0.10 402 0.25



Table 7.6.6. (concluded) Mean catch per sample for organisms caught in upper (area I), mid (area 2), and lower 5area 3) San Antonio Bay and Espiritu Santo Bay (area 4) by TPWD Coastal Fisheries Monitoring Program.
. ..

Scientific Name
Mean (M), standard error (SE), and saO!ple size en) Percent of samples

Area Common Name·
Gillnet Trawl Bag seine Oyster dredge Gill- Trawl Bag Oyster

net seine dredge
M SE n M SE n M SE n M SE n

3 Syngnathus u,';isianae Chain pipefish 0.00 0,03 825 0.01 0.19 456 0.12 0.22
4 Syngnathus u,uisianae Chain pipefish 0.01 0.01 544 0.92
2 Syngnathus scovelli Gulf pipefish 0,02 0.01 402 0.06 0.03 78 O.oI 0.11 349 1.00 5.13 0.29
3 Syngnathus scovelli Gulf pipefish 0.01 0.00 825 0.06 0.02 456 0.61 4.82
4 Syngnathus scovelli Gulf pipefish 0.09 0.02 544 5.51
3 SynoJus foetms Inshore Iizardfish 0.01 0.00 825 0.02 0.01 456 1.09 1.32
4· SynoJus foetens Inshore lizardfish 0.01 0.01 348 0.01 0.00 544 1.15 0.92
2 Thais haemastoma Florida rock shell 0.00 0.05 402 0.25
4 Thais haemastoma Florida rock shell 0.01 0.01 348 0.01 0.10 103 1.15 0.97
3 Touuma caro/inmse Arrow shrimp 0.00 0.05 456 0.22
2 Trachinotus caro/inus Florida pompano 0.02 0.02 262 0.76
3 Trachinotus ca"ro/inus Florida pompano 0,03 0.01 298 2.01
4 Trachinotus caro/inus FlorIda pompano 0.08 0,02 313 0,02 0.01 544 5.43 1.10
4 Trachinotus fakatus Permit 0.02 0.01 313 0.96

to.> 3 Trachinotus goodei Palometa 0.00 0.06 298 0.34
0\
00 3 Trachypmaeus simi/is Yellow rough-necked 0.00 0.03 825 0.12

shrimp
3 Trachypmaeus sp. Trachypeneid 0.00 0.03 825 0.12
'2 Trichiurus kpturus Atlantic cutlassfisn , , 0.00 0.05 402 0.25
3 Trichiurus kpturus Atlanticcutlassfish 0.01 0.00 825 0.97
4 Trichiurus /epturus Atlantic cutlassfish 0.08 0.02 348 4.60
I Trinectes maculatus Hogchoker 0.04 0.02 69 0.11 0.07 66 4.35 4.55
2 Trinectes maculatus Hogchoker 0.03 . 0.01 262 0.11 0,02 402 0.06 0.04 78 2.29 6.97 3.85

.3 Trinectn maculatus Hogchoker 0.06 0.01 298 0.06 O.oI 825 O.oI 0.01 456 6.04 4.36 0.66
4 Trinectes maculatus Hogchoker 0.04 0.01 313 0.03. 0.01 348 0.01 0.01 544 2.88 2.30 1.10
I Tursiopi truncatus Atlantic bottlenose O.oI 0.12 69 1.45

dolphin
3 Urophycis floriJana Southern hake 0.01 0.00 825 1.21
4 Urophycis floriJana Southern hake 0.03 0.01 348 2.01



Table 7,6.7. Species and life stages which occurre4 in at least20% ofthe sampl~withill a gear type for each of the a,reas ofthe Guadalupe Estuary. Life stages'
are: A-adult, S-subadult, and I-juvenile; asterisks (*) indicate areas ofgreatest abundan~ according to a criterio~ ~~d on mean catches and standard errors";
original data compilation is given in Table 7.l?6. '

Salinity
Common name Area I Area II ~III Area IV preferenceb

'f'"

f. S J A S J A S ] A ~ J Stage 'Range

Alligaror gar A" S" A· S" A ~ AS (Oro 20)1
Atlanric croaker A S" r, S· ' 'A: S r A" ~ r A (15 ro 35)1

S (lOr020)1
] (0 ro 35)1
R (151:020)1

Bay anchovy A S A S A* S" r A § r AS (l5r025)1

J (15 ro 30)1
Black drum A· S" A" S· A· S! A· r AS (0 ro 35)1

A (20 ro 30)2
Blue catfish A" A (0 to 10)1
Blue crab A" S" A· S· J A" ~ J A· § r A (0 ro 35)1

S (0 to 20)1

J (25, ro 35)1
Brief squid A· A (25 ro 35)1
Brown shrimp S· J S· J ~. J S S (0 ro 25)1
Bull shark A S A S A" S! A" §! AS (15 to 35)2
Easrern oyster A ,A· A" A A (10 ro 25)1.2

R (15 to 25)2
P (<10)2

Gafftopsail carflsh A A· A A· A (10 ro 35) I
Gizzard shad A A" A A A (lOr020)1
Grass shrimp A A '}: A· A (15 ro 35)1
Gulf killifish A· S· r j.,: S· r j.: S· r A ~ J ASJ (0 ro 25)1
Gulf menhaden S J* A" S· r j ..: .S· r A" S r A (15£035)1

S (10 ro 25)1

J (0 to 35)1
Silversides A S J A" S" r A S A· (15 to 25)1
Ladyflsh A" A· ..

A (l5r035)1
Longnose gar A" A (0 ro 10)1
Longnose killifish A S ] A* S" r A· S· r AS] (15r035)1
Pinflsh A S A S A" S! r AS] (25 to 35) I

Red drum S" r S ~ r s· r S] (0 £0 35)1
Sea carflsh A S r A S r A· S" r A" ~! r AS (15 to 25)1

J (0 to 35)1
. Sheepshead A A A A· A (25 to 35) I

Sheepshead minnow A* S· r A· S· r ~! S! r A" r r ASJ (0 to 35)1
Southern flounder A A ~ A· A (25 ro 35)1
Spor S J A S" r A· r J A (25 to 35)1'

"

S (15 to 35)1

J (15 to 25)1
Spotted gar A· A! '" A (0 £0 20)1
Spotted seatrour A A A A· '"', A (20 to 35) 1,2

R (25 to 35)2
Striped muller A A ] A J" A r A (0 ro 35)1

J (l5r035)1
White shrimp S S" S r r S (10 to 20)1.2

] (15 £0 25)1,2

."l("I"""T

a The letter representing a life stage indicares that the species and life stage occurred in ar least 20% of the.s~p'!esfor a particular g~; the areas of
grearest abundance noted by asterisks (") include the area with the highest mean carch rate OS) and other ;U~ ~here the difference between the
mean catch rate ~) and the highest mean catch rate was less than or equal to the sum of rhe respective s9n~d errors (SEj + SEj ) of both areas. [i.e.•
ex; - ~) s (SE· + SEj)]. ,

b The superscripi indicates source of information: I-indicates salinity range associated with the occurrence an9 abundance informarion cifTable 7.6.6
and 2-indicares salinity information is from Table 6.7.2. Information beginning with R indicates repr04l!~!ve information based on published
information discussed in Chaprer 6; information abour survival limits for natural predators or disease Org;i,ni~fP (P) is based on published informarion
discussed in Chapter 6.
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General considerations. Several environmental
variables that depend on freshwater inflow may affect species
occurrenceparternswithinan estuary. These include nutrient
and sediment load, salinity, temperature, delta inundation '
frequency, and current. Of these, salinity is the most often,
studied in surveys on estuaries. In addition, there are more
laboratory data on animals dealing with salinity and
temperature than other variables. For these reasons, the
following discussionwill concentrate on salinity requirements
ofthe Guadalupe Estuary biotic community. From nutrient
budget and minimum loading information in sections 7.3
and 7.4, it appears that providing for the correct salinity
conditions also provides the necessary loading of nutrients.
Information on requirements of other variables will be
introduced where it exists and is appropriate.

General Salinity Requirements for Each Area

Finfish-sheOfish in polyhaline-to-euhaline Area Iv.
Twenry-six finfish-shellfish species were identified as
chara~eristic ofthis area. The species with the highest catch
rates for a portion oftheir life included juvenile sheepshead,
juvenile blue crab, pinfish, juvenile brown and whiteshrimp,
and adult spotted seatrout. Species with high catch rates for
a portion of their life in Area N and at least one other area
included adult sheepshead, all stages of gafftopsail catfi~h,

adult Gulf menhaden, adult ladyfish, juvenile spott~d

seatrout, longnose killifish, adult and subadult spot,
silversides, adult Adantic croaker, and juvenile red drum.

In general, the number ofspecies per site was higher in
this area than in any ofthe other three areas. This apparent
positive relati~nship'berWeen salinityandnumber~ft:ixaper
site was also noted by other investigators in upper, mid-, and
lower San Antonio Bay (Harper 1973; Matthews et aI. 1974;
MontagnaandKalke 1992). Consequendy, Area IV had the
largest characteristic benthic assemblage, containing 37
species. Although species diversity is greater in high salinity
areas, the productivity may be' greater in oligohaline or
mesohaline areas (Harperl973; Matthew~et al. 1974). This
could provide an explanation of why there are higher
biomasses of finfish-shellfish species in mesohaline areas
(Zimmerman et al.)990b; Section 6.3).

To satisfy the requirements ofthe biotic community,
salinity limits must be identified and the timing ofhistorical
annual cycles must be maintained since the organisms have
adapted to' these general conditions. In the Guadalupe
EstuarY, these'cycles have been determinedhugely by riverine

Benthicspecies diversity ill tllls areavaried ~ith' ~egard; inflo~. (Chapter .4 and S~ction,il). 'Briefly, inter~ediate
to location in the bay, In the northeast po,rtion ,ofAre;! N, " inflows,occur ,during January-March, July, and N'ovember­
species diversitywas highwith one station having the highest December; high inflows occur during May~June and
diversity ofany in the estuary. Species diversity in the central : September.:October; and the lowest inflows Occur during
and southwest portion was generally low; it 'was' simil~ to .' AugUst. The'historical high andlow inflow periods typically
thatfouitd in areas II imd III ~d Hyn'cS Bay~' '" ", ,:" .' Uke plaCe jiIst before major ~Hnityshifrs in this estuary.

Benthos inpolyha/in~-to-euhalin~Area Iv. White et
al. (1989) conducted the onlysignificant investigationofthe
benthic community in this area. Theyreported characteristic
species for different ecotypes (benthic assemblages including
open bay center; bay margin, inlet-influenced, river­
influen:ced, gr~flat, and oyster reef). The site at the
northeast end of Area N was described as primarily inlet
influenced (Saluria Bayou) and was characterized by
polychaetes and mollusks. The central and southwest partof
the area was characterized as mainly an open-bay-center
assemblage dominated by polychaetes. In this bay, the
seagrass meadows contained the highest average number of
both species and individuals per station, while the inlet­
influenced sites were second, and non-vegetated open bay
sites were third.

vegetation (Childress etal. 1975). At Saluria Bayou,
shoalgrass, widgeongrass, and clovergrass (Halophila
mg~lmanm)were thedo~inant submergedvegetation, while
sea blite (Swuda maritima) and black mangrove (Avicmnia
germinans) dominated the emergentvegetation (ChildresS et
al. 1975).

White et al. (1989) did not report number (abundance)
ofeach benthic species collected at each station; therefore, it
was not possible to compare dominant species found by
them with other studies in the estuary. However, species
whichwere mentioned as generallyabundantwere identified
and included the polychaetes S. bm~dicti, M. californi~is,

and Clymm~lIatorquataand the crustaceansAmp~liscaabdita,
Grandidier~lIa bonnieroides, Cerapus tubularis! Corophium
acherusicum, and Lepidactylus sp.The polychaetes M.
caJiforni~is and S. ben~dicti were also common i~ the other

. three areas.

Pulich (1990) reported large expanses of seagrasses
"iY'ere present in Shoalwater Bay and Pringle La!ce during his
1989-90survey. In addition, saltwater marsheswere common
in Pringle Lake, Shoalwater Bay, and the east end ofEspiritu
Santo Bay. Pulich also reported smooth cordgrass, perennial
glasswort, saltwort, and salt-flat grass from the Saluria'Bayou·
area and marsh aster, saltgrass, Carolinawolfberry, sea oxeye
daisy, marsh dder(Ivafrutesc~},and saltmeadow cordgrass
(SpamMpat~)were also common in the high-marsh zones
of this area. Th~e high-marsh zones graded into upland
communities typically containing Gulf and saltmeadow

. cordgrass and seacoast bluestem (Shizachyrium sp.) (Table
7.6.I).
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Analytical methods for salinity requirements. .To
identify the biotic community salinity requirements for each
region,' the salinity requirements for each inhabitant of the
region should be considered. However, they are known for
only a few'species. For the vast majority of species, these
requirements can only be extrapolated from the data
indicating environmental conditions under which they have
been most abundant or most frequently found. Because of
the dynamic nature of estuarine environments, it is likely
that data contained in some published surveys were colleered
underconditionswhich represented transitional states. Thus,
extrapolation ofsalinity preference information from these
surveys is nornecessarily precise.

For the important estuarine plant species occurring
along the Texas coast, Pulich (1990) compiled and reviewed
optimum (preferred) .and survival range salinities and
occurrence elevations (relative to mean sea level). Much of
this information is contained in Table 5.2.2 and was used to
identify salinity requirements for a portion of the vegetative
communities in each area (Table 7.6.1).

For the benthos and finfish-shellfish communities,
preferred salinity limits of individual species were extraered
from the literature, Table 6.7.3, or TPWD data (Table
7.6.6). As discussed previously, much of the benthos data
contained in the surveys for this esruarywas colleered during
high inflow conditions and is probably biased toward lower­
than-normal salinities. The finfish-shellfish community

.data does not have this problem since it was colleered
continuously for 12 years and has included low and high
inflow periods. '

VegeuztWn requirements in Area L The salinity
regime of this region is very dynamic, which results in a
variable biotic communityharboring both fresh and brackish­
water species. Section 7.1 describes in detail the salinity
regime variations of the Guadalupe Estuary under low (less
than 25th percentile), intermediate (25th to 75-th percentile)
and high inflow (greater than 75th percentile) regimes
(Figure 7.1.7).

Should a long-term increase in salinity occur in this
area, the response by plant species in the community will
likely be dramatic. Annuals may be affected immediately,
but some long-lived plantswill be slowto exhibit apopulation
response. According to salinity tolerance information for
freshwater species in the charaereristic vegetation assemblage
(Table 7.6.1), salinities of more than 50/00 will have a
detrimental impact on the submerged water nymph, the
emerge~t cattail and arrowhead, and the floating water
hyacinth. Salinities ofmore than 100/00 would stress at least
three more species: bulrush, common reed, and saltmeadow
cordgrass. Conv~rsely, these higher salinities would favor

the shift to more characteristic sai~at~rtior~.'Widgeongrass
would replace water riymph,sea oxeye daisy, and saltgrass
would replace common reed and saltmeadow cordgrass, and
smooth cordgrass would replace cattails and bulrushes. 'In
summary, the freshwater community would be changed to
a saltwater community.

In addition to salinity, two other riverine inflow­
related variables also a.ffect this community: sediment
deposition and inundation frequency (Pulich 1990). Species
on the delta which require periodic inundation by flood
waters may die due to desiccation from decreased inundation
frequency (Pulich 1990). Over the 47-year period 1941
through 1987, the upper deltawas inundated, on the average,
five toseven times peryear (Seerion 7.5). Reduced inundation
frequency may lead to reduced sedimentation on the delta

. and hasten the development of a more haUne-type
community, by increasing soil salinity.

Benthos requirements in Area L Salinity tolerances of
benthic animals were not so well documented and must be
inferred from salinities in which they have been found.
Three taxa were identified as being restriered to this region:
H. florida, P. ocufaris, 'and chironomid larvae. Because t,his
entire region (as well as much of the mid-bay region) was .
oligohaline during a majority of the published surveys, it is
likely that these three organisms are restriered to a very low
salinity environment (less than 5%0). Inflows pr~ducing

salinities of 10%0 over most of the region may ~everely

restrier their occurrence or eliminate these organisms from
the estuary. The remainder ofthe benthos in this region may
bespatially restrieredbut not likelyeliminated under increased
salinities. The standing 'crop (total number of organisms/
sample) ofbenthic animals has been shown to be negatively
related to salinity in this estuary (Harper 1973; Matthews et
al. 1974; Montagna and Kalke 1992)~ Theref~~~, a salinity
increase may result in a reduction of the total ~umber or
biomass of benthic animals in this area.

Finfish-shellfis(J requirements in Area L While a '
number of salinity studies are available for white shrimp,
oysters, and crabs (Seerion 6.2), the salinity tolerance for
many of the finfish-shellfish species must be inferred from
salinities in which theywere colleered. The density ofseveral
life ~tages of finfish~shellfishspecies were high i~ this area
(Table 7.6.7). The freshwater fishes, blue catfish, and gars
(alligator, longnose, and spotted) were common. These
fishes could be restriered to the Guadalupe River ifsalinities
greater than 100/00 prevailed in Mission Lake, Guadalupe,
and upper San Antonio bays. In addition, several species
which concentrate in this region during a portion oftheir life
may require an oligohaline or low mesohaline environment '

. to complete their life cycles. Salinities up to 15%0 for periods
ofless than six months are not likely to eliminate any ofthese
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species, with one exception. These conditions may be less
than optimal for adult male blue crabs, which inhabit and
mate in the oligohaline areas (figures 6.2.1, 6.2.2, 6.2.3, and
6.2.4).

Prolonged salinities as high as 10 to 15%0 in this
region will likely have a n~gative impact on at least eight
plant, three benthos, and five finfish-shellfish species as well
as many terrestrial species that use the wetlands in this area
(TPWD 1991).

Special considerations. A permanent 50/00 increase in
salinity in the Mission Lake and Guadalupe Baywaters could
result in an increase in the production of m~y common
aquatic estuarine fish and shellfish in Area I. How,ever, there
will also be a major change in the emergent marsh vegetation
and terrestrial wildlife associated with the existing freshwater
marshes. Changing freshwater or oligohaline water marsh
habitat to mesohaline marsh habitat will result in the loss of

,most, if not all, amphibians, a reduction in biodiversity of
reptilesandmammals, and achange in thespeciescomposition
of the birds that use the area (Chabreck 1988).

The Guadalupe Delta Wildlife Management Area,
operated by the TPWD, is located on the upper end of
Hynes Bay and the northern shore ofMission Lake (TPWD
1991). Vegetation, that could be affeCted by saltwater
intrusion if salinities in Area I increased includes switch
grass, seashore paspalum, longrom, sandspike sedge, carex,
big and little duckweed, mosquito fern, and sandbar willow.
Other animals, in addition to those already mentioned, that
use the wildlife management area and might be adversely
affected byincreasingsaiinity include theAmerican alligator,
monIed duck, wood duck, and migratoty songbirds that use
the site as a staging or fallout area. There may be other
species that could be affected which are not known; TPWD
biologists are currently working on an inventory of all the
terrestrial plants and wildlife inhabiting this area (D. Mabie,
TPWD; pers. comm.).

Recovery and recommended bounds for Area L
Recovery time for the biotic community in Area I may vary
from as little as a few days or weeks, in response to short-term
(less than one month) salinity perturbations, to a year or
longer after long-term p~riods (several months) of low
inflow, which result in salinity increases ofmore than 10°/00.
Salinities greater than 15%0 occurring for extended periods
will restrict or eliminate the use ofthis area by many current
inhabitants and certainly reduce their overall abundance.
Some plant species may not reestablish themselves until the
following year. At least some of the benthos species have
been shown to respondwithinone month to flood conditions
(Harper 1973; Manhews et al. 1974). Most finfish-shellfish
populations will likely recover to pre-event status within

days or weeks after short-term events, while some long-lived
species could require a year or more for populations to
recover.

A review of the available information indicates that
the salinities in Mission Lake and Guadalupe Bay should
remain below 50/00 for 70 to 90% of the time to keep the
vegetation on the Guadalupe Delta and the Alligator Slide
area from changing from a fresh-brackish community to' a
salt marsh community.

Vegetation requirements inArea II The large expanse
ofArea II ranges from oligohaline to primarily mesohaline
dependingon freshwater inflows. Under intermediate inflow
conditions, it is mesohaline, ranging from just less than
100/00 near McDowell Point on the west shore to 150/00 near
the Aransas National Wildlife Refuge and Welder Flats.

Most of the plant species in this region withstand
salinities from 10 to 30%0, with only a population density
change at extreme salinities. ~ceptions are water nymph,
Gulf cordgrass, common reed, and salt-meadow grass;
published information indicates these species occur in
salinities of less than 100/00. The laner species may inhabit
small sites having oligohaline or near-oligohaline salinities,
or they may tolerate higher salinities than have been
documented.

The lower salinity bounds for this plant community
which would not result in species elimination appears to be
about 100/00. The upper bounds are more difficult to define
because ofthe characteristic meSohaline nature ofthe region.
Some of the oligohaline to low mesohaline species (in
particular, common reed) may be eliminated from the
region if salinities go permanently above 200/00 in Area II.
For the remainder of the characteristic plant assemblage,
salinities would need to exceed 300/00 for an extended period
(at least several months) to cause significant change.
Variations within this 10 to 30,0/00 range would probably
only cause fluctuations in population densities.

Benthos requirements in Area II From historical
salinity levels and benthic species occurrence panerns, the
low and high salinity bounds are 10 to 200/00. At least three
species from the ~haracteristic benthic assemblage occur in
this region and in more saline areas, but not in the upper bay
region where lower salinities 'prevail; These three species
may be eliminated from Area II if long-term saliniry levels
declined by 50/00. At least five taxa from the characteristic
.benthos assemblage list occur in this and the upper area, but
are absent from the higher salinity areas. These species could
be eliminated from this area by a Permanent saliniry increase
of 50/00.
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Finfish-shellfish requirements ~fArea II. The finfish­
shellfish community of this region is typical ofan estuarine
environment. Spotted gar has the lowest tolerance for
marine salinities, tolerating salinities that are generally less
than 150/00 (from TPWD data), and would likely lose the use
ofthis area entirely if salinities increased 5 to 100/00 above
historical levels. Other species which appear to be limited by
the higher salinities of lower regions are juveniles of Gulf
menhaden and Atlantic croaker, adults of alligator gar and
gizzard shad, subadult blue crab, and all sizes ofgrass shrimp,
sheepshead minnow, and white shrimp. An increase in
salinity to levels common in the lower areas 05 to 250/00)
may restrict the use of this area by these species. Eastern
oysters, which occur in large reefs in this area, are negatively
affected by salinities of less than 5 or greater than 300/00, if
these conditions persist for more than a few weeks. Spat set
is suboptimal at salinities outside the 15 to 250/00 range. The
remainder of the finfish-shellfish community tolerates a
wide range of salinities and can probably withstand levels
from 10 to 250/00 without significant changes.

Recovery and recommended bounds' for Area II.
Complete recovety of the biotic assemblage of this region
from salinities outside the normal bounds will vary among
the three communities discussed. The plant communities
may return to normal within a few months if normal
salinities are restored in winter orspring. Ifnormal conditions
return during late fall to winter, complete recovery may not
occur until the following year.

Recovery of benthic populations to pre-event status
can be inferred from responses to flood conditions experienced
during published surveys. Those data' indicate a rapid
response to environmental changes. The benthos may
recover within a few months after return to normal salinities,
if reproductive conditions are prevalent.

Harper (1973) and 'Matthews et al. (974)
, demonstrated that the benthic community of San Antonio

Bay responded qU;ickly (approximately one month) to a
dramatic inflow increase by increasing the density of a few
species (H. florida, T. sphinctostoma, R. cuneata). With the
apparent ability of many of the macroinvettebrates in this
region to adapt to altered salinity regimes, it is unlikely that
temporary changes in these regimes will result in permanent
population changes. However, permanent changes to inflow
quantity or patterns will produce permanent community
changes. It may eliminate some species which exist only in
this and the upper region such as Capitella capitata, R.
cuneata, R. flexuosa, and some oligochaetes. But several
other species characteristic of higher salinity parts of the
estuary might establish themselves as abundant, permanent
residents ofArea II including several species of polychaetes,
amphipods, ~maceans, isopods, taraids, and bivalves.

The floods of1987 provided an opporrunityto observe
the effects oflow salinities on eastern oysters and the time for
their recovery from such an event. The record inflows of
June 1987 killed almost all of the oyster~ in 'areas I, II, and
III ofthe estuary as salinities fell to less than 50/00 for several
months. The only live oysters found from July 1987 to
March 1988 were located in Ayres Bay near Cedar Bayou
and in the extreme east end of Espiritu Santo Bay near
Saluria and Big bayous. Both si~es (one in Area III and one
in Area IV) received water from the Gulfand remained in a

'mesohaline-polyhaline, condition throughout the flood.
TPWD surveys indicated that oyster communities had
recovered by 1989. Interestingly, oyster landings in the
adjacent Mission-Aransas Estuary increased in 1988 and
1989 Oohns 1990), probably as a response to the 1987
inflows from the Guadalupe River.

, '

The remainder of the finfish-shellfish community,is
not noticeably affected by high inflow conditions, but may
be negativelyaffected byconditions resulting in high salinities.
If year-classes are 'not lost as a result of high salinities, the
mobile finfish-shellfish community may recover from high
salinity events within days or weeks after salinities return to
normal. Ifyear-classes are lost, those species may require a
year or longer to recover.

Salinities in this area should remain between 10 and
20%0 for approximately 60 to 80% of the time to maintain
high productivityofblue crab, white shrimp, Gulfmenhaden,
and brown shrimp. Higher salinities (above 200/00) will favor
brown shrimp and oysters, and lower salinities (about 100/00)
will favor blue crabs and white shrimp (Table 7.6.7).

Vegetation requirements in Area III. During
intermediate inflow conditions, this region is a mesohaline­
polyhaline environmemranging from 150/00 at the Intracoastal
Waterway, to 15 to 200/00 in Mesquite Bay, to 20 to 250/00 at
South Pass. Duringhigh inflow periods, the salinity decreases
about 50/00, and during low inflow conditions, salinity will
increase about 5 to 70/00.

The plant community requirements of this region are
. similar to the mid-bay region with the exception that there
does not appear to. be any species characteristic of an
oligohaline environment. Most ofthe species occurring he~e

can tolerate a salinity range of 10 to 350/00 with changes only
in population densities. Long-term salinity changes outside

, these bounds will probably show greater changes in the plant
and animal abundances comprising, the community in this
area.

Benthos requirements in Area III. The benthic
community will likely exhibit larger changes in response to ,

a ,smaller salinity change than the plant community. Long-
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term salinities beyond the 15 to 250/00 rangemaydecrease the
density ofsome populations or even eliminate some species.

Finfish~$hellfish requirnnentsinAreaIIl The salinity
r~quirements of the finfish-shellfish community of this
region are similar to those ofthe mid-bay region. The species
which use this region in disproportionately high numbers
are very mobile with the exception ofeastern oysters. The
specieswithin thefinfish-shellfish assemblageprefersalinities
between 10 and 300/00 (Table 7.6.7). A few ofthe species ean
tolerate salinitiesas low as 50/00 and afew as high as 350/00, but
extended times outside this range will significandy reduce or
eliminate them from using this area.

Recovery and recommended bounds for Area· III
Recovery times will be similar in this area to those ofArea II.
Oysters and plants will require the longest 'recovery time,
ranging from several months, depending on timing, extent,
and duration of the event, to a year or more. The finfish­
shellfish community, with the exception of oysters, will
likely require only a few weeks, at most, to regain its pre­
event status.

The salinity regime in this area should be between 15
and300/00 for 60 to 80% of the time. Significant increases
in salinity to more than 250/00 will likely reduce production
of blue crabs, white shrimp, brown shtimp, and Gulf
menhaden.

Vegetation requirnnents in Area Iv. This area is
comprised of Espiriru Santo Bay and is typically polyhaline
(18 to 300/00), with the southwest area ranging from 20 to
250/00, and the northeast area more than 25%0.

Onlyunderextreme high orlow river inflowconditions
will salinities bealtered enough to produce detectable changes
in the plant community. Salinity limits for this community
are roughly 10 to 350/00. Several species occurring here have
published optimal upper salinity limits of less than 250/00
even though salinities frequendy reach 30%0 (Table 7.6.1).
These species tolerate salinities ofmore than 30%0 for short
periods, although prolonged exposures may stress the plants
beyond their ability to adjust. Salinities outside the 10 to
35%0 range will cause a density change in some of the
species.

Benthos requirnnents for· Area Iv. The benthic
assemblage ofAreaN isstronglyinfluenced by Gulfexchange
through Pass Cavallo andcontains manyspecies not reported
from the other regions. Presumably, these are high-salinity
tolerant species. At least one ofthese, Ampelisca abJita, also
occurson the continental shelfon the GulfsideofMatagorda
Island. This indicates thar thesalinity tolerance limitsofthis
community are roughly 20 to 350/00, with some species

capable of withstanding lower and some higher salinities.
Extended periods beyond either of these extremes will
probably eliminate some of these species from the area.

F,infish-shellfish requirnnentsfor Area Iv. Similarly,
the finfish-shellfish assemblage in this area contains species
characteristic of both estuarine and marine environments.
Salinities of20 to 300/00 are required to provide for the needs
ofmost ofthespecies comprising this community. Extended
periods beyond these extremes will likely restrict the use of
the area for some species.

Recovery andrecommended boundsfor Area Iv. For
the finfish-shellfish community, recovery from major
perturbations will occur within weeks'or months. The plant
community will require months to recover if only densities
are affected, and a year or more if species are eliminated.
Benthos recovery will be more rapid than that of the plant
com~unity if only densities are changed. Otherwise, their
recovery times will be similar.

The salinity regime for this region should remain
between 20 to 300/00 .for more than 80% of the time. In
general, this area of the estuary should be fairly stable, and
the communities will be very resistant to short-term changes
caused by salinities higher or lower than these limits.

7.7 CONCLUSIONS

Chapter' 7 has taken a close look at the Guadalupe
Estuary to develop the specific information needed to apply
the analytical tools that are presented in Chapter 8. With'
this information, it is possible to estimate the freshwater
inflow required to maintain the ecological health and
productivity that has been hisrorically characteristic of this
estuary.

Hydrologyandsalinitypatterns. Section 7.1 reviewed
the historical inflows by month and showed general salinity
parterps within the estuary based on low, intermediate, and
high inflow conditions. Monthly median inflows ranged
from the lowest amounts duringJuly (95,200 acre-ft) to the
highest during May (222,627 acre-ft) in any given year.

Nutrient loading requirement for nitrogen. A
minimum nitrogen loading requirement was developed in
Section 7.4 using dissolved nutrient estimates from 1WC
and TWDB monitoring data (S.ection 7.2) and a nutrient
budget (Section 7.3). Based on this analysis,ariannual
combined freshwater inflow of286,000 acre-ft is required to
replace all nitrogen lost to the system each year. Since many
assumptions were made in making the budget, the estimare
should be viewed as an absolute minimum. The estuarine
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system is driven by available nutrients and failure to deliver
these nutrients in sufficient quantities could result in long­
term declines similar to the one documented for shrimp and
sardines off the mouth of the Nile River (Wadie and R.auk
1985). Because this estimate is so important and several
assumptions involving key estimates for intermediate values
were made, the estimate should be revised and refined as new
information becom~ available.

Sediment lotUiingrequirement. In Section 7.5, it was
estimated that 355,235 acre-ft of freshwater inflow was
required to deliver 132 acre-ft of sediment per year to
maintain the bathymetry of Mission Lake and accretion on
the Traylor Cut subdelta.

Salinity requirements ofcharaeteristic species and life
stages in four areas ofthe GwulaJupe Estuary. Section 7.6
reviewed the distribution of marsh vegetation, benthic
animals, and fish and shellfish that occur within four large
areas of the Guadalupe Estuary having different salinitY and
nutrient conditions. Information for the comparisons came
from previously published studies, recent studies done as a
result of the 1985 legislation, and the TPWD Coastal
Fisheries Monitoring Program. These studies showed that
the plant arid animal species composition varied among the
areas based on salinity tolerances and the general salinity

regime in a bay area. Benthic studies may be biased since
they were done at times of high inflows; some species were
unique to the fresh-to-oligohaline or oligohaline-to­
mesohaline areas (i.e., R. cuneata, R.f/exuosa, and chironomid
larvae).

Most common estuarine fish and shellfish, including
red drum, spotted seatrout, Atlantic croaker, brown and
white shrimp, and eastern oysters, were found in each ofthe
four areas. In many cases, however, the catch rates for a given .
life stage were much higher in one or two areas than they
were in other areas. This suggests that some species use areas
within the estuary differentially, and distinct age groups of
the same species (based on animal size) preferentially using
different parts of the estuary.

Section 7.6 also recommends general salinity ranges
that should be provided in different estuarine areas to sustain
the existing populations. Considering that various species
and distinct age groups of the same species were associated
with different salinity regimes in the Guadalupe Estuary, it
is necessary to provide enough fresh water to maintain the
salinity regimes in these areas to ensure that estuarine species
have all of the environmental conditions they need to

complete their life cycles.
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CHAPTER 8: GUADALUPE ESTUARY
EXAMPLE ANALYSIS

8.0' INTRODUCTION

Purpose

The..purpose of this chapter is to introduce two
computer models for analyzing freshwater inflows, and to

demonstrate their use as applied to the Guadalupe Estuary.
The first is an optimization model, the Texas Estuarine
Mathematical Programming (TXEMP) Model, that is used
to determine the quantity and timing offreshwater inflows
that fulfill some stated management objectives. The second
is a hydrodynamic and conservative transport model,
TXBLEND, that is used to demonstrate circulation and
salinity patterns given a particular regime of tides, wind,
rainfall, and freshwater inflow.

In the following sections, a mathematical description
ofthe TXEMP Model, the specific equations and the condi­
tions used in the model, and the results of the model

. application to the Guadalupe Estuaty are' presented. In
addition, simul~tedwater movements and salinities from the
TXBLEND Model are shown. These results serve as a way
of highlighting the various aspects of the modeling process
applied to the problem of determining freshwater inflow
requirements.

Optimization Model

The TXEMP Model was developed as a tool to study
the effect of freshwater inflow to the bays and estuaries in
Texas and to help establish long-term objectives of main­
taining and enhancing an ecologically sound environment
for the estuarine systems. The optimization.model is the
culmination of the analytical method. used to determine
inflows necessary to maintain productivity. Information
including equations that relate, salinity or harvest with in-

flow, critical limits involving salinity for viability or inflow
for nutrient and sediment loading, and various objectiveS for
management provide the data needed to run the model. The
model calculates the optimum seasonal or monthly inflows
that fulfill the objectives while' still satisfYing the critical
limits for inflow or salinity.

Background ofthe modeL The model is a nonlinear,
stochastic, multiobjective mathematical programming mod<;l
(or optimization model); It is a completely new second
generation model building upon the experience of the first
Estuarine Linear Programming Model developed by the
Texas Department of Water Resources (TDWR 1980a,
1980b; Martin 1987). The TDWR model was a pioneering
effort in the application ofoperations research techniques to
the estuarine management problem. The new TXEMP
Model expanded on the first model through its treatment of
nonlinear equations, incorporation of chance constraints,
and analysis of the problem using the multiobjeerive ap­
proach. Initial development of the new model was per­
formed by Bao et al. (1989) at the Center for Research·in
Water Resources, University ofTexas at Austin'.

Objective JUndiom and comtraints. There are six
objective functions that can be activated one at a time in the
model. They are the minimization or maximization of
annual inflow, the minimization or maximization of fishery
harvest, and the maximization of salinity probability or
harvest probability. The constraint set includes salinity
conditions, minimum and maximum allowable inflows, and
targets for fishery harvests. Salinities and fishery harvests are
related to freshwater inflows through regression equations.
Salinity and fishery harvest constraints ate treated as chance
constraints. The constraint set also includes criticallimirs on
sediment and nutrient loading that are consistent with water
rights permitting legislation.
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A performance or tradeoffcurve between fishery har­
vest and freshwater inflow can be generated to examine how
the harvest changes as the inflow varies from minimum to

maximum;

Hydrodynamic and Conservative Transport Model

The TXBLEND Model TXBLEND is another com­
puter model developed for the Bayand Estuary Studies. The
model is a depth-averaged, two dimensional finite element
model that simula~eswater circulation and saliniry patterns
in estuaries. To d~inonstratethe us,e ofthe model, one set of
optimal inflows found by the TXEMP 'Model is used as'
input inflows to TXBLEND, and the response of the estua­
rine system to the'new conditions is examined.

Use ofthe model in inflow anlJysis. The hydrody­
namic and conservative transpon model is useful in assessing
the changes in circulation and saliniry resulting from alter­
ations in inflow, bathymetry, or inlet configuration. For this
study, however, this model is used as a check on, the calcu­
lations from the TXEMP Model. Once the monthly inflows
needed to fulfill management objectives are calculated, the

'hydrodynamic and conservative transpon model is run to
determine the salinity distribution' throughout the bay for
each month. Isohalines from this model can be compared to
known salinity requirements for the species of interest to
confirm that salinities do not' exceed the critical levels

,specified in the TXEMP Model.

8.1 DESCRIPTION OF THE TXEMP MODEL FOR
THE GUADALUPE ESTUARY

Background

AssumptWns. There are two basic aSsumptions in the
TXEMP Model. One is the consistency of the estuarine
system. All the biological and hydrological processes are
'assumed to occur in the same' way year after year, at least in
the, average sense. The other assumption is the controllabil­
ity of the inflows. We assume inflows to the estuary can be
controlled 100% ofthe time as to their amount and timing.

Terminology. An objective function mathematically
defiries the criterion for evaluating the system's perfor­
mance. It is the objective for the system to strive for, and, as
such, it guides 'the search for a better solution.

A constraint set is a collection ofconditions imposed
on a panicular problem. For instance, budgetary restrictions
or natUral and human resource restrictions are common
conditions imposed on economic optimization problems. A
constraint set defines a feasible region of solutions; any

solution within a feasible region satisfies aU the conditions.
But, the quality of the solution depends on the objective
function.

, Objective Functions

MinQ andMaxQ One ofthe most frequently asked
questions for any water reso~rce sYstem is: what is the
minimuminflow (MinQ) needed to satisfyaU ofthe require­
ments without violating any constraints? For such a case, the
objective function is:

(8.1.1)

where 0 represents the inflow for the jth month. MinQ,
therefore, is the minimum ofthe sum ofthe flows for all 12
months.

If we desire to know the maximum inflow, MaxQ,
needed to satisfy aU of the requirements, the objective
function is:

(8.1.2)

The MinQ and MaxQ solutions define the feasible range of
annual inflow. In other words, any inflow above MaxQ or
below MinQ cannot meet one or more of the constraints.,

MinH andMaxH. Optimization methods for prob­
lems in natural resource management ofren involve maxi­
mizing the yield or harvest of a living population. The
objective function for maximizing fishery harvest is:

(8.1.3)

where Hk represents the fishery harvest of the kth species.
This study presents harvest equations for seven species.

When a panicular species or a set ofselectedspecies are
to be optimized, the objective function can be expressed as:

(8.1.4)

'278



where p is a preference vector andPk =1 if the kth species is
to be included, 0 otherwise. Another way of usingp is as a
profit vector where pk represents a unit profit or a relative
weight assigned to the kth species.

Here, Sij is the calculated salinity, OJ is the monthly com­
bined inflow, and ai and bi are regression constants. The
second form is a multiple regression equation relating the'
salinity to the antecedent salinity from the previous month
and the freshwater inflows:

Although we are mainly interested in MaxH solu­
tions, it is possible to determine the minimum harvest for a

.given set of conditions. Then the objective function be­
comes:

(8;1.10)

7

min ~HIt
It-I

In this equation, Sij is the calcUlated salinity, OJ is the
monthly combined mflow, ASi represents the antecedent

(8.1.5) . salinity, and ai' bi' and ci are the regression ~onstants.

MaxSalP andMaxHarP. It may be useful to determine the
maximum attainable probability ofnot violating the salinity
constraints. In such a case, the objective function is:

max: SalP

where SalP represents the salinity probability.

(8.1.6)

While a deterministic constraint such as (8.1.8) re­
quires·that the constraint be satisfied without any violation,
a chance constraint may allow the constraint to be violated
to some degree. Usually, the degree of enforcement is
expressed in terms of probability. Let SalPi represent the
probability level at which we want the'salinity constraint
(8.1.8) to be satisfied. Then the salinity chance constraint is
written as:

Constraints

is the appropriate objective function, where HarP represents
the harvest probability.

Salinity constraints. A deterministic form of the
salinity constraint is:

Constraint (8.1.11) may be a natural way to express
the salinity chance constraint, but in initial testing, we found
that the constraint was too sharply dependent on the bounds
SIB and SUB, and that it is difficult to treat the salinity
probability uniformly among different locations. There­
fore, this constraint was changed to treat the bounds sepa­
rately. The chance constraints for the lower and upper
salinity bounds with i =1,2,3 andj = 1, ... , 12 are:

where. Ptob is th~ abbreviation for probability. In· other
words, the chance constraint (8.1.11) means that the prob­
ability of satisfying both the salinity lower bound and the
.upper bourid must be SalPi or greater for site i for any month
(although a different month may have different bounds).

(8.1.8)

(8.1.7)max: HarP

SIB··s S··s SUB··,
ZJ ZJ ZJ

Similarly, it may be ofinterest to know the maximum
. attainable probability of not violating the fishery harvest
constraints. In this instance,

Figute 8.1.1 illustrates the salinity chance constraint
with 50% salinity probability. The distribution of salinity
for a given inflow is assumed to follow Student's t-distribu­
tioh~ The probability level (Salp) is the area under the t­

distribution and above the salinity lower' bound (SIB) for
salinity chance constraint (8.1.12), and the ~ea below the
salinity upper bound (SUB) is fo~ salinity chance constraint
(8.1.13r '

for i = 1,2,3, and j = 1, ... , 12. 'S~i represents the salinity
in parts per thousand (%0) at location i for month j , and
SIB .. and SUB·· are the lower and upper bounds for the

Z] !J
salimty, respectively. For the Guadalupe Estuary, i = 1 for
upper San Antonio Bay, 2 for lower San Antonio Bay, and
3 for Espiritu Santo Bay.

Two forms ofsalinity regression equations can be used
in the ~odel. One is a simple regression equation relating
the salinity directly to the freshwater inflows:

(8.1.9)

Prob {S .. ~ SIB·.} ~ SalP·
ZJ lJ I

(8.1.12)

(8.1.13)

. '"
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(8.1.15)H =a (06

WbbTCl:s)Edk. k k 5 5 k
5-

50% Case

Inflow (acre-ft/month)

SUB

SLB

In this equation, ak' b/u, c/u' and dk are the regression
constants, s is an index for seasons, w:. is the seasonal inflow,
Ts is the seasonal air temperature, and Ek is the fishing effon
in terms ofnumber oftrips. In this model, seasonal inflows
are defined as the following bimonthly inflows:

That the 50% probability case corresponds to the
deterministic case can·be explained as follows. Because the
regression line consists of the points ofexpected values, i.e.,
the points which will be exceeded 50% of the time if the
regression equation is used to find the inflows corresponding
to the SLB and SUB, the deterministic salinity constraint
(8.1.8) becomes equivalent to the 50% salinity probability
case.

SLB 1---4--------...:::::::::::...-fo"

SUB f-----'

Figure 8.1.2 shows the effect ofsalinity probability on
the feasible inflow range. As the probability assigned to SalP
is increased, th~ limits of the feasible inflow range move
toward the midpoint because inflows at or near the midpoint
of the feasible inflow range have the highest probability of
satisfyingboth the lower and upper salinity bounds. Thus,
as the salinity probability level is increased, the feasible
inflow range becomes narrower.

50% Case = Figure 8.1.2. Feasible range of inflow for 70% salinity probability.

Deterministic case

Inflow (acre-fVmonth)

Figure 8.1.1. Feasible range of inflow for 50% salinity probability.

Harvest constraints. The harvest chance constraint is:

(8.1.14)

for k =1, ... ,7 for the species for which harvest equations are
available. For the kth species, Hk is the calculated level of
harvest, Tk represents the harvest target, and HarPk is the
probability level at which we desire Hk to meet the'target Tk.
In other words, the probability of the harvest meeting or
exceeding the target shall be no less than HarPk.

W; = Q]F = Q(Jan) + Q(Feb)

W2 =~ - Q(Mar) + Q(Apr)

W3 = ~] Q(May) + QOun)
(8.1.16)

W4 = Q]A Q(Jul) + Q(Aug)

WS = Q,o Q(Sep) + Q(Oct)

W6 =~ = Q(Nov) + Q(Dec)

Inflow constraints. Inflow constraints can be of three
types: monthly, seasonal, and annual. Monthly inflows are
both lower and upper bounded by:

for j =I, .. 0 , 12, where QLB} is the lower bound and QUB}
is the upper bound forjth month. Upper bounds may be the
median or mean inflow, while lower bounds are typically
some percent of the monthly inflow.

In ,the TXEMP Model applied to t.he Guadalupe
Estuary, seven fishery species are included: blue crab, oyster,
brown shrimp, and white shrimp for the shellfish; and red
drum, black drum, and sporred seatrout for the fish. Har­
vests are estimated using the following form ofthe regression
equation, which mainly relates fishery harvest to seasonal
inflows:

QLB.s noS QUB·
J ""j J

(8.1.17) .
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Seasonal inflows (where ~easons are two-month peri­
ods) are bounded by:

where TQ is the total inflow, TQLB is the lower bound, and
TQUB is the upper bound for the annual inflow.

for s =1, ... , 6, where WLBs is the lower bound and WUBs
is the upper bound for Sthseason.

The purpose of multiobjectiye programming or
multiobjecciveanalysisis to illuminate the interactions among
competing objectives and their consequences. One way to
do this is to examine a whole range of solutions from one
extreme to the other extreme. A MinQ solution is ,the
minimum inflow needed to satisfY all the constraints and it
is at the'lower end of the feasible range for the {'otal (or

, annual) inflow, while a MaxQ solution is at the higher end
of the range. In between, there are an infinite number of
possible solutions which satisfY all the constraints. Among
them is a special soluti~n set called a noninferiot set, which
is a collection ofoptimal solutions for different conditions.
We can generate the noninferior set as outlined by Cohon
(1978) by solving aseries ofMaxH problems in which only
the limit on the tOtal inflow is varied from MinQ to MaxQ.

(8.1.19)

(8.1.18)

TQLB~ TQs TQUB

Total or annual inflow can be bounded by:

where SD is the yearly sediment load delivered to the lake
and SDLB is the minimum annual sediment load required.

Nutrient constraint.The nutrient constraint is in­
cluded to avoid nitrogen depletion in the estuary through
losses to burial, denitrification, export, and harvest. The
constraint is expressed as:

Sediment constraint. The sediment constraint is
designed to maintain the bathymetry of Mission Lake by
providing enough suspended sediment to offset subsidence
and e'ustatic sea level rise in the lake. The constraint has the
form:

SD~SDLB (8.1.20)

Stochastic programming. Since the saliniry-inflow
equations and the fishery harvest equations are statistically
derived, theirrelarionships are stochastic. The element of
uncertainty is represented by the random component in the
equations. How this uncertainty affects the solutions may be
seen by varying the salinity probability or the harvest prob­
ability from 50% to MaxSalP or MaxHarP. A probability of
less than 50% can be assigned, but since a 50% case corre~

sponds to the deterministic case, it is a good reference point
to keep. '

Additional details concerning the formulation, opera­
tion, and testing ofthis model will be presented in a separate
publication.

8.2 SETUP OF THE TXEMP MODEL

NR2:NRLB (8.1.21) ,
Equations Required for the Guadalupe Estuary MP
Model

where NR is the nitrogen remaining and NRLB is the
minimum requirement.

The sediment load and nitrogen remaining are related
to inflows by regression equations, whose specific forms are

. presented in Section 8.3.

Other TXEMP Model Features

Multiobjectiveprpgramming. By combining anyone
of the above objective functions and the constraints, a
mathematical optimization problem is, formulated. For
instance, a MinQ problem (minimum inflow needed) is
formulated with the objective function (8.1.1) and con­
straints for upper and lower salinity probability (8.1.12 and
8.1.13); harvest (8.1.14); monthly, seas~nal, and annual
inflows (8.1.17, 8.1.18, and 8.1.19); minimum annual
sediment (8.1.20); and minimum nutrient require~ent
(8.1.21).

Salinity-inj{qw regression equations. Two data sets
relating observed salinity with freshwater inflow were pre-

i pared. One set contained salinity data from the TWDB
Coastal Data System, TWDB datasondes, TNRCC State­
wide Monitoring Network, and Texas Department ofHealth
Shellfish Sanitation Monitoring Program; the other set
contained salinity data from the TPWD Standardized Fish~

ery-Independent Monitoring Program.

Data for three areas were chosen for regression equa­
tions, upper San Antonio Bay; lower San Antonio Bay, and
Espiritu Santo Bay. For each site, the period of record was
divided into consecutive, non-overlapping, seven-day peri­
ods. These seven-day periods ofsalinity measurements were
chosen to maximize inclusion ofsalinity data while minimiz­
ing overlapping flow' periods. An average salinity was
computed for each period for which data was available. This
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step was taken to minimize the influence on the regression
of records representing intensive data collection efforts.
(The three areas from which data was selected are illustrated
in Figure 8.4.1 and later figures in Section 8.4 of this
chapter.)

For freshwater inflow, the combined inflow, consist­
ing of the gaged, ungaged, diversion, and return flows was
used. The monthly combined inflow was computed by
summing the daily combined inflows into sliding, non­
calendar, 30-day periods. These 30-day inflowperiods were
chosen specifically to fit the monthly time span of the
mathematical programming model. For the simple regres­
sion, the salinityassociated with the mid-date ofa seven-day
period is assumed to be the result ofthe monthly combined
inflow accumulated during the previous 30 days.

For the multiple regression, the salinity-inflow data
set generated for the simple regression was searched for
salinity pairs approximately one ~onth apart, which gready
reduced the number of observed dat~ (Table 8.2.1). The
salinity for the multiple regression is assumed to be corre­
lated to the 30-day antecedent salinity and the monthly
combined inflow. The salinities calculated by the salinity­
inflow equations provide estimates ofaverage salinities that
would result from relatively constant flows during the pre­
vious 30 d~ys. Ifsteady-state flow conditions ensued for 30

additional dayS, the same salinity levels would be expected
and would be considered the average monthly salinity..

Table 8.2.1 lists the regression statistics for the two
forms of the equations. In general, the multiple regression
form ofthe equation has a better correlation in terms of the
coefficient of determination, or r2. In the initial testing,
however, we found that the salinities resulting from the
minimum inflow solutions are near or at the upper salinity
bounds, and the equations with antecedent salinity terms
tend to extrapolate computed salinity values beyond the
upper range of salinities used to compute the regressions.
This was due to the scarcity of data at the high end of the
salinity range for the smaller multiple regression data sets.
To avoid the extrapolation, we adopted the simple regres­
sion equations based on the data set that cOntains the most
data in the higher end of the observed salinities.

The coefficients of determination of the adopted
equations account for 27 to 50% ofthe variance in salinity.
Equations for zones closer to rhe river mouth account for a
greater proportion of the variance than those farther away.
Although the proportion of· the variance in salinity ac­
counted for by freshwater inflow seems modest, it should be
noted that salinityalso depends on wind direction, duration,
and velocity, preCipitation falling directly on the estuary,
and probablysome aspect ofthe annual tidal cycle in the bay.

Table 8.2.1. Salinity-inflow regression statisrics for the Guadalupe Estu.ary. The data source noted as "TWDB" includes data from the TWDB
Coastal DataSystem and Datasonde programs, TNRCC Statewide MonitoringNetwork, and TDH Shellfish·Sanitation Monitoring Program. The
data soUrce termed "TWDB + TPWO" includes the TWDB data and surface readings from the TPWO Standardized Fishery-Independent
Montoring Program. Equation rype 1 is a simple regression ofsaliniry on freshwater inflow, while equation rype 2 is a multiple regression ofsaliniry .
on inflow and 30-day antecedent salinity. The number of data points used in the regression is denoted by N, while R2 is the coefficienr of
determination, and S.£. is the standard error of the regression. .

Site Data Equation N R2 S.E. Salinity
source rype range (%0)

Upper San TWDB 1 225 0.54 1.03 0.01 to 19.94
Antonio Bay TWDB+TPWOa 1 359 0.50 1.16 0.01 to 32.20

TWDB 2 135 0.72 0.86 0.01 to 19.43
TWDB+TPWO 2 198 0.61 1.01 0.01 ro 26.60

Lower San TWDB 1 99 0.58 0.56 0.44 to 32.63
Antonio Bay TWDB+TPWOa I 215 0.48 0.66 0.01 to 35.25

TWDB 2 25 0.10 0.54 0.44 to 22.18
TWDB+TPWO 2 84 0.46 0.80 om to 27.20

Espiritu Santo TwoB 1 126 0.27 0.33 4.91 to 47.06
Bay TWDB+TPWOa 1 273 0.27 0.38 0.60 to 47.06

r' \

TWDB 2 10 0.38 0.47 6.20 to 33.65
TWDB+TPWO 2 92 0.28 0.42 0.60 to 35.00

a Indicates equations ado~ted in the TXEMP Modd for the Guadalupe Estuary.
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Three sites were chosen for developing salinity-inflow
regression equations to ensure retention ofa salinitygradient
along the major axis of the estuary. Figure 8.2.1 illustrates
the salinity-inflow regression equation for upper San Anto­
nio Bay in which the regression is:

Since there is some human control over freshwater inflow
--but none for weather conditions, direct rainfall, or tidal
effects, the equations are presented only in terms ofthe effect
of inflow on salinity. It is not surprising, therefore, that the
explained variance is not higher. Nevertheless, we think
these regression equations capture the essential element of
the mixing process well enough to be used in the TXEMP
Model.

.S= 4366.1 . Q1.3702 (8.2.1)

For comparison, Figure 8.2.4 shows ~l three regres­
sion lines together. Roughly speaking, these salinity equa­
tions are 10%0 apart, in the normal range of inflow of
100,000·to 250,000 acre-fr/month.

Fishery harvesteqU4tions. Seven fishery harvest equa­
tions from Section 6.9 are Used in the application of the
TXEMP Model to the Gua~alupeEstuary and are listed in
Table 8.2.2. Some of the equations include variables for
temperature and fishing effott that are not decision vari­
ables. Since they play no role in the optimization process, the
non-decision variables were set to their average values over
the last five years of the study period. In this way, the
solutions to the harvest equations should reflect recent
conditions, rather than those that existed -several decades
ago.

Figures 8.2.2 and 8.2.3 illustrate the regression lines
and the confidence intervals for lowerSan Antonio Bay, for
which the regression is:

where 5 is the salinity in %0 and Q is the monthly inflow in
1,000 acre-ft. Figure 8.2.1 clearly depicts the scatter in the
observed data. This high variability is reflected in the large
standard error. As a result, the confidence interval on'
prediction has a wide range. The narrow confidence interval
on the regression line is due to a small standard error of the
mean because the number of observations is large.

++

Expected salinity

90% confidence interval on regression

~ 7rJ% confidence interval on prediction
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(8.2.2)S= 658.63 . Q0.7693

and for Espiritu Santo Bay: Monthly inflow (1000 acre-It)

S =85.21 . QO.2675 (8.2.3) Figure 8.2.2. Salinity-inflow regression and confidence interval for lower
San Anronio Bay.
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Figure 8.2.1. Salinity-inflow regression and confidence interval for upper
San Antonio Bay.

Fi~e 8.2.3. Salinity-inflow regression .and confidence interval for
Espiritu Santo Bay. .
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Figure 8.2.4. Salinity-inflow regressions for the Guadalupe Estuaty.

Objective Functions

Monthly inflow bounJs. Table 8.2.5 liSts the mean,
median, 1984, and 10th percentile monthly inflows. To set
the lower bounds on the monthly inflows, several test runs
were made usingvarious values such as the historically lowest
inflows and a percentage ofmean inflows. As a resUlt ofthese
test runs, we set the lower bound to the lOth percentile
inflows. However, any regulatory minimum streamflow
requirement could be set as the lower bound.

low quality. Others pointed out the low historical harvest
and a relatively low economic value for tlle species. COnse­
quently, the harvest probability for black dr~ was se~ to

," 0%. ·Thisme~s the black drum equation does not influence
the harvest ofother species, but the harvest ofblack drum is

"computed according to the equation.

/'Espirilu Santo Bay

50

40

1i 30.eo
~

. C
'ijj 20
en

10

0
0 50 100 150 200 250 300

Monthly inflow (1000 acre-ft)

Ten cases were run to test the TXEMP Model. The
weightings used in objective function 8.104 for the ten cases
:ire listed in Table 8:2,3. Of the ten cases, seven are single
species optimizations and three apply different weightings
on various species. In Table 8.2.3, all the weights sum to
one, which is perfectly valid but not necessary; any reason­
ablevalue can be used to weight the relative importance of
each species. The selection of these species and weighting
coefficients are presented h.ere as an example. In actual
practice, the final selection of these constraints is left up to
the user and may be modified to suit policy needs.

Constraints

Harvest targets. Table 8.204 lists the mean, mini~

mum, and maximum historical harvests for the period 1962
through 1987. For initial testing, rargets for fishery harvests
were set to the historical mean levels for the 50% harvest
'probability level. This implies that we desire to harvest ,at
least at the hisrorical mean levels 50% ofthe time. In other
words, there will be no harvest reduction of any species to
enhance others.

Testing showed that requiring mean harvests for all
speciesw~ too restrictive a goal; consequently, targets were
set to 80% ofthe historical mean for the example analyses.
This increases maneuverability of the mathematical pro­
gramming model to search for an optimal solution because
as the target level is reduced, the feasible region expands.

: All the harvest probabilities were set to 50% except for
black drum which was set at 0%. During initial testing, it
was noticed that the black drum equation' behaves differ­
ently ftom other equations. It requires much more inflow
than other species, which mayor may not reflect the true
relationship., Inclusion of black drum at 50% harvest
probability made the optimization problem infeasible. Sev­
eral fishery experts suggested that the black drum,data was of

The upper bounds on monthly inflows were set to the
historical median monthly inflows. The upper bounds
could be set to other values such as historical mean inflows
or some percentage ofthem. In this instance, the median was
subsrantially smaller than the mean: 1.53 million acre-ft
versus 2.35 inillion acre-ft on an annual basis. The differ­
ence between ,the median and the mean shows, that inflows
are not normally distributed, probably because ofa few very
large inflows. In this instance, the median is a berrer measure
of central tendency than the mean.

The upper bounds on the monthly inflows are of
crucial importance because they directly influence the higher
end of the total inflow requirement or the total allowable
inflow. Similarly, the lower bounds are critical in determin­
ing the lower end of the total inflow needed.

Se/lSonaJ inflow bounJs. Table 8.2.6 lists the bOunds
on the seasonal inflows. They are set to roughly reflect the
lower and upper bounds of the seasonal historical values.
These bounds prevent extrapolating harvests from the fish­
ery equations beyond the inflow levels over which the
equations are valid. The upper bounds on se~nal inflows
in Table 8.2.6 are much higher than the sum of monthly
upper bounds for the corresponding periods. Therefore, the
upper bounds on seasonal inflows do not affect the higher
side of the inflows.' The lower bounds on the seasonal
inflows, however, are greater than the sum of the monthly
lower bounds. Thus, the lower side ofmonthly inflows will
be affected by the lower bounds on the seasonal inflows.

Salinity bounJs. Salinity bounds are anotherimpor­
tant factor that greatly influence the outcome ofTXEMP.
Salinity bounds are another element otTXEMP that may be
changed by the user and revised as policy needs change.
Table 8.2.7 lists example salinity viability limits adopted for
upper San Antonio Bay in the previous study (TDWR
1980b) and by Espey, Huston & Associates; Inc. (EH&A
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Table 8.2.2. Harvest equations for the Guadalupe TXEMP Model: H is harvest in pounds; Q;. is the seasonal inflow for plonths j ~nd j combined;
Tij is the temperature for months j and j; Eis annual fishing effort; and the abbreviations for mon'ilis are:jF=January + February, MA =March +April,
M] = May +June,jA = July + August, SO = September + October, and ND = November + December. . "

Species

Oyster

Brown shrimp

White shrimp

Blue crab

Red drum

Spotted seatrout

Black drum

Equation

In H = 38.148 - 1.200.ln0F+ 1.354.lnQu4 - 1.073.lnl41r 0.3407.TjA

In H = 5.9168 + 0.2126.lnl41r 0.000793·£ - 0.06126-TjF

H = -233.56 + 174.3.!n0F+ 83.53·ln~IF 180.4.1n~D+ 0.1314·£

In H = 14.413 - 0.9076.lnQu4 + 1.884.ln0A" 1.l67.lnQsO· 0.1182· TjF

In H = 4.1138 + 1.358.ln0A - 1.249·lnQND

In H = 2.5900 + 1.475· Inl41r 1.366.lnQND

H = -947.81 + 58.96.ln0r 52.20.lnQu4 + 60.56.1n~D + 8.482· TSO

Table 8.2.3. Relative weights ofspecies for ten different harvest objective cases. In case 1, the harvest ofall species are weighted equally; cases 2 through
8 are single species harvest objeeriv('.s; case 9 has equal weights for oyster, brown shrimp, red drum, and sporred seatrout; in case 10, the weights ate based
on the value of the commercial catch of each species in the estuary.

Species Case

2 3 4 5 6 7 8 9 10

Oyster 0.14 1.0 0.0 0.0 0.0 0.0 0.0 0.0 0.25 0.02
Brown shrimp 0.14 0.0 1.0 0.0 0.0 0.0 0.0 0.0 0.25 . 0.27

White shrimp 0.14 0.0 0.0 1.0 0.0 0.0 0.0 0.0 0.00 0.08
Blue crab 0.14 0.0 0.0 0.0 1.0 0.0 0.0 0.0 0.00 0.01
Red drum 0.14 0.0 0.0 0.0 0.0 1.0 0.0 0.0 0.25 0.08
Sporred searrout 0.14 0.0 0.0 0.0 0.0 0.0 1.0 0.0 0.25 0.49
Black drum 0.14 0.0 0.0 0.0 0.0 0.0 0.0 1.0 0.00 0.05

1986), along with the proposed bounds by the Texas Parks
and Wildlife Department (TPWD) for the current study.
Table 8.2.8 lists the viability limits and proposed bounds for
lower San Antonio Bay.

Table 8.2.4. Historical annual fishery harvests (1,000 Ibs) from 1962
through 1987.

In addition to the two sites in San Antonio Bay, the
third control point in Espiritu Santo Bay was selected by the
TPWD and the salinity bounds were set to 10 to 40%0. The
proposed TPWD salinity ranges do not differ from month
to month although there would be no problem allowing
them to vary monthly. The results presented in Section 8.3
are based on the TPWD salinity range. These bounds were
intentionally selected to represent wide salinity zones and
not limit TXEMP's ability to find a feasible solution. Salin~
ity requirements for individual species as discussed in Sec­
tion 6.2 are useful for refining salinity bounds that will be
used in future analyses.

Species

Oyster
Brown shrimp
White shrimp
Blue crab
Red drum
Sporred seatrout
Black drum
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Min

53.9
67.1

241.8
·276.1

24.4
12.2
0.4

. Max

1.937.2
1,830.2
1,415.0
4,775.7

179.2
114.8
131.0

Mean

276.7
350.6
737.5

1.336.4
66.4
46.7
40.5

80% of
rnean

221.4
280.5
590.0

1,069.1
53.1
37.4
32.4



Table 8.2.5. Mean, median, 1984, and lOth percentile monthlycombined '
inflows 0,000 acre-h) for the Guadalupe EStuary.

Table 8.2.6. Boun!ls on seasonal inflows (1,000 acre-h). Sum ofmonthly
lower bounds (LBs) is th~ bimonthlysum ofthe lOth percentile flows from
Table 8.2.5. Sum of the monthly upper 1?ounds (UBs) is the bimonthly
sum of the median flows from Table 8.2.5.

Jan 160.8 111.2
Feb 177.8 124.2

Mar 152.9 117.5
Apr 200.4 110.5
May 294.9 222.6

Jun 295.5 162.7

Jul 158.5 95:2
Aug 118.5 94.9
Sep 241.4 139.4
Oct 226.3 138.4
Nov 168.9 ' 116.1
Dec 149.7 104.1

Total 2,345.6 1,536.8

1984 10th
percentile

90.3 33.9 "
58.5 46.2
90.0 43.0
37.7 42.2

,39,7 ,61.0
20.0 36.2

9.1 22.3
22.9 18.5
11.6 38.5

147.9 42.7
89.6 33.1
82.5 ' 38.5

699.8 456.1

Table 8.2.8. Saliniry bounds for lower San Antonio Bay (%0). The
lower viabilil}' limits (LVL) and upper viability limits (UVL) recom­
mended by the TDWR come from TDWR 0980b). The Espey, .
Huston & Associates salinil}' upper bound (SUB) estimate comes from
EH&A (1986), and the TPWD salinil}' lower bound (SLB) and salinity
upper bound (SUB) recommendations were made by representatives of
the Coastal Fisheries and Resource Protection divisions of the TPWD.

Month :ron EH.M ~
LVL UVL SLB SUB SLB SUB

Jan 10 20 15 20
Feb 10 20 15 20
Mar 10 20 15 20
Apr 5 15 15 20
May 1 15 15 20

Jun 1 15 15 20

Jul . 10 20 20 20
Aug 10 20 20 20
Sep 5 15 15 20
Oct 5 15 15 20 .

Nov 10 20 15 20
Dec 10 20 15 20

Table 8.2.7. Saliniry bounds for upper San Antonio Bay (0/00). The
lower viabiliry limits (LVL) and upper viabiliry limits (UVL) recom­
mended by the TDWR come from TDWR 0980b). The Espey,
Huston & Associates saliniry upper bound (SUB) estimate comes from'
EH&A (986), and the TPWD saliniry lower,bound (SLB) and saliniry
upper bound (SUB) recommendations were made by representatives of

.the Coastal Fisheries and Resource Protection divisions of the TPWD,

Sum of
monthly

UBs

Sum of
monthly

LBs

Seasonal
upper
bound

MedianMean

Seaso~

lower
bound

Period

Month

SD = 0.78742.(0.808S·TQ)°·96655

Sediment"constraint. The equation relating sediment
load to inflow is:

where SD is the sediment load in tons/yr and TOg is.the
gaged inflow in acre-ft/yr. See Section 7.5 for its denvation.

Jan-Feb 100 500 80.1 235.4

Mar-Apr 100 600 85.2 228.0

May-Jun 120 800 97.2 385.3

luI-Aug 80 500 40.8 190.1

Sep-Oct, 100 600 81.2 277.8

Nov-Dec 100 500 71.6 220.2

(8.2.6)SD~ 182,415

Month :ron fHM ~

LVL UVL SLB SUB SLB SUB

Jan 10 30 25 5 25
Feb 10 30 25 5 .25

Mar 10 25 25 5, 25

Apr 5 20 25 5 25
May 5 20 25 5 25

Jun 5 20 30 5' 25

Jul 10 25 30 5 25
Aug 10 25 30 5 25

Sep 5 20 25 5 25
Oct 5 20 25 5 25

Nov 10 30 25 5 25

Dec 10 30 25 5" 25

SD =O.64117;TQO·96655 (8.2.5)

From SeCtion 7.5, the minimum requirement for the sedi-
m~rit is 182,415 metric tons, so the sediin.~nt constraint is:

(8.2.4)SD =0.78742· TC2g°·'.)6655

The inflow in the TXEMP Model represents the
combinati<;m of gaged and ungaged inflows. Gaged inflow
(TQ) on average represents 80.85% ofthe combined inflow
(TQj into the Guadalupe Estuary (TC).., = 0.8085·TQ).
Therefore, equation (8.2.4) must be m<><ftfied as follows: '
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NR= -490.79 + 0.0017148·TQ .. (8.2.7)

Nutrient constraint. The relationship between the
quantity ofnitrogen remaining in the Guadalupe Estuaty in
excess of losses and the inflow is given by: .

where NR represents the nitrogen remaining in millions of
grams {see Section 7A for the derivation} and TQ is the total
inflow in acre-fr/yr. The nutrient constraint to avoid the
depletion of nitrogen remaining in the estuaty is:

NR~O {8.2.8}

\~~; ....

most valuable species gets the first allocation. C~e lis an
instance ofuniform weighting. The model will first choose
the species with the largest harvest potential in terms of
weight, such as blue crab, because it will contribute most to
the objective function. C~e 9 focuses on foilr species:
oyster, brown shrimp, red drum, and seatrout. The model
predicts the harvest ofoyster and red drumat the same high
level as in the single species optimization case, seatrout at the
target level, andhrown shrimp at a relatively high level. Case
lOis a weighted scheme emphasizing seatrout and brown
shrimp harvest. The model predicts the harvest ofseatrout
and brown shrimp at the same high level as in the single
species optimization case.

8.3 RESULTS OF MODEL APPliCATION TO THE
GUADALUPE ESTUARY

Example Cases

The TXEMP Model was executed for the maximiza­
tion of the salinity probability, and the maximum salinity

. probability{MaxSalP} was found to be 63.6%. Basedon this
information, two salinity probabilities were selected to ex­
amine the effect ofsalinity probability on the inflows and the
harvests. One is 50%, which corresponds to the determin­
istic case and the other is 57%, which is a mid-point between
50% and the MaxSalP.

Results for single species models. Tables 8.3.1 and
8.3.2 list the results ofthe ten cases for 50% and 57% salinity
probabilities, respectively. Additionally, MinQ and MaxQ
bounds on monthly inflows, and historical minimum and
maximum ha:rvests are listed for comparison. It may be seen
from cases 2 through 8 {singlespecies optimizations} that the
model sets the inflows as high as possible for the months (or
seasons) with positive coefficients in the harvest'~quatiori,

and as low as possible for the months with negative coeffi­
cients. For those months with no variable in the harvest
equation, inflows can be any value as long as they do not
cause violationsofany constraint. Forsome cases, the inflow
for the May-June season is set so that the target for seatrout
harvest is satisfied. When there are alternative optimal
solutions, i.e., same objective values but different inflows,
those solutions listed in Tables 8.3.1 and 8.3.2 are the ones
that require the least inflow among the solutions found by
the model. .

Resultsformu/tiplespeciesmodels. Cases 1, 9, and 10
are multiple species optimizations. For some species, peri­
ods of positive correlation overlap, but, in general, they
compete with each other for inflows. How the inflows are
allocated depends. on the objecti",e function: usually, the

By comparing the solutions for the same cases in
Tables 8.3.1 and 8.3.2, the effect ofsalinity probability can
be seen. In general, the higher the salinity probability, the
lower the harvest. Of course, .as the salinity probability
increases, there is more assurance that the salinityconstraint
will be met. '

" .
The value 70.3 {70,300 acre-fr} in Table 8.3.1 ~d the·

value 81.8 {81 ,800 acre-ft} in Table 8.3.2 occur several times
in the tables. These amounts represent the minimum mo~thly

inflows needed to satisfy the salinity constraint for lower San
Antonio Bay for the 50% and 57% salinity probability
levels, respectively. During other months, the harvest equa­
tions or other constraintS determine the inflow requirement.

EstUarine Performance Curves for the Case 1 Example

Figure 8.3.1 illustrates the performance curves oftotal
fishery harvest against annual inflow for the uniform weight­
ing case {Case I}, for the 50 and 57% salinity probabilities,
and MaxSalP. The same type of family of curves could be
generated by varying the probability ofharvest, HarP, to ~e
maximum, MaxHarP. These curves are the envelopes ofthe
maximumharvest points (or MaxH solutions} for bounded
inflows, and they are the "noninferior sets" in the sense that
for a given set ofconditions, there is no better solution than
the one on the envelopes. They are also the tradeoff curves
from the point of view that we trade freshwater inflow for
fishery harvest. The end points ofthese curves are the MinQ
and MaxQpoints. The irregularity ofthe curves is due to the
nonlinearity of th<: pr~blem. .

Interpreting the curves. One of the distinctive fea­
tures of these curves is that they have peaks not at the end
points, but between those points. The left side of the curve
represents the condition of t~o little inflow, or "inflow
deficit," where the harvest is decreased as the inflow de­
creases away from the peak. Si~ilarly, the right side of the
curve represents the condition of too much inflow, or
"inflow surplus."
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Table 8.3.2. Monthly inflows and harvesls for ten cases al 57% salinity probability. Case""! is equal weighling for all species; cases 2lhlOugh 8 ale weighted only for lhe species named;
case 9 has equal weighls for oYSler, brown shrimp, red drum, and spoIled seallOul;.,and case 10 is weighled based on lhe value of lhe commercial calch of each species in lhe eSluary.

Case Uniform Oyslel BlOwn While Blue Red Spotted Black Four Value- MinQ MaxQ Monlhly inflow
weighl shrimp shrimp crab dlum seatrout drum species weighled QLB QUB

(I) (2) (3) (4) (5) (6) (7) (8) (9) (10)

Monthly inflow (in acre-fl):
Jan 81.8 81.8 96.1 111.2 95.3 96.1 96.1 111.2 81.8 ,111.2 81.8 111.2 33.9 111.2
Feb 81.8 81.8 96.1 124.2 95.3 96.1 96,1 124.2 81.8 124.2 81.8 124.2 46.2 124.2
Mal 81.8 117.5 96,1 96.1 81.8 96.1 96.1 81.8 117.5 81.8 81.8 117.5 43.0 117.5
Apr 81.8 110.5 96.1 96.1 81.8 96.1 96.1 81.8 110.5 81.8 81.8 110.5 42.2 110.5
May 112.6 112.6 222,6 222.6 114.4 109,1 222.6 157.9 112.6 222,6 112.6 222,6 61.0 222.6
Jun 112.6 112,6 162.7 162,7 114.4 116.2 162.7 157.9 112.6 162.7 112.6 162.7 36.2 162.7

Jul 95.2 86.6 95.2 95.2 95.2 95.2 95.2 95.2 95.2 95.2 81.8 95.2 '22.3 95,2
Aug 94.9 86.6 94.9 94,9 94.9 94.9 94.9 94.9 94.9 94.9 81.8 94.9 18.5 94,9

Sep 81.8 86.6 96.1 96.1 81.8 96.1 96.1 131.6 96.1 81.8 81.8 139.4 38.5 139.4
OCI 81.8 86,6 96.1 96.1 81.8 96.1 96.1. 131.6 96.1 81.8 81.8 138.4 42.7 138.4
Nov 81.8 81.8 85.9 81.8 81.8 81.8 81.8 116.1 81.8 81.8 81.8 116.1 33.1 116.1
Dec 81.8 81.8 85.9 81.8 81.8 81.8 81.8 104.1 81.8 81.8 81.8 104.1 38.5 104.1

N Annual inflow 1,069.7 1,126.8 1,323.8 1,358.8 1,100.3 1,155.6 1,315.6 1,388.3 1,162.7 1,301.6 1,043.2 1.536.8 456.1 1,536.8
<Xl
\D

Hislorical harvest
Min Max

Annual harvesl (in 1,000 Ibs):
Blue crab 4;167.1 2,420.2 2,980.2 2,980.2 4,775.7 2,980.2 2,980.2 2,392.9 2.553.2 4.167.1 3,140.2 1,662.0 276.1 4,775.7

Oyster 745.0 1,168.0 429.5 336.8 610.3 763.7 429.5 335.0 1,168.0 270.6 745,0 424.3 53.9 1,937.2

Red dlum 130.5 115.0 122.8 130.5 130.5 130.5 130.5 90.0 130.5 130.5 106.4 90.0 24.4 179.2

Black drum 0.4 0.4 0.4 0.4 0.4 0.4 0.4 26.1 0.4 8.1 0.4 8.7 0.4 131.0

Seallout 37.4 37.4 77.2 82.6 38.3 37.4 82.6 41.0 37.4 82.6 37.4 55.0 12.2 114.8

BlOwn shrimp ·1,215.4 1,215.4 1,362.3 1,362.3 1,219.4 1,215.4 1.362.3 1,305.9 1,215.4 1,362.3 1,215.4 1,362.3 67.1 1,830.2

White shrimp 759.1 759.1 823.3 867.4 786.9. 787.3 832.1 797.1 759.1 867.4 759.1 813.8 241.8 1,415.0

Total ha~esl 7.os4.9 5.715.5 5.795.7 5,760.2 7,561.5 5,914.9 5,817.6 4,988.0 5,864.0 6,888.6 6,003.9 4,416.1 675.9 10,383.1



Figure 8.3.1. Total hMvest performance curve for the Guadalupe Estu:uy.

9000 +--""'--.......-""-.............-""'--.......----+ the total harvest approach the lower limits at MaxSalP,
which is 63.6%.

Comparison ofoptimal and historicalflow. patterns.
Table 8.3.3 lists the two optimal solutions that are the peak
points of the performance curveS in Figure 8.3.1. Figure
8.3.2 compares these optimal inflows with the median
inflows. The figure shows a reduction in inflows for most
periods except for the July-August season. The biggeSt
reduction occurs in the May-June season, followed by the
September-October season.

Two Optimal Solutions for Case 1

16001000 1200 1400

Annual inflow (1000 acre-ft)

---

7000

4OOO~==:::;::===-r----~--.....+
eoo

I 8000

og
~

Table 8.3.3. Two optimal solutions at the peaks of the estuarine perfor­
mance curves.

Figure 8.3.3 compares predicted harvests for 50 and
57% salinity probabilities with· historical maximum. and
mean harvests. The dominance ofthe crab harvest is clearly
sho~n in the figure. The majority ofthe difference between
the 50 and 57% salinity probability solutions is i~ the crab
and oyster harvests. ,.

Comparison of predicted and histOrical salinities.
Figures 8.3.4, 8.3.5, and 8.3.6 illustrate the predicted salini­
ties at three locations in the Guadalupe Estuary (upper and
lower San Antonio and Espirini Santo bays) for 50 and 57%
salinity probability cases; the historical average salinities are
also shown (Table 8.3.4). These figures show the effect of

A few more observations can be made from the perfor­
mance curves. First, these eurves have very flat peaks. The
uniform case is dominated by the crab harvest because its
harvest potential is the largest, four to five times larger than

.oyster and shrimp. Most ofthe solutions at or near the peaks
include crab at its maxi~um harvest level. Therefore, these
flat peaks may be a strong indication that a relatively wide
range ofoptimal conditions exist for crabs.

Another observation is that the peaks of the 50 and
57% perfo~mancecurves are located rather near the MinQ
points. This could be an indication, at least for this objective
fUnction, that the current inflow, 1.5 million acre-ft in terms
of the median annual infl~w or 2.3 million acre-ft in terms
of the mean annUal inflow, is too great. According to the
performance curves, th~ inflow could be reduced to 1.0 to
1.1 million acre-ft. .

Case 50% SalP 57%.SalP

Predicted annual harvest 0,000 lbs):
Crab 4,775.7
Oyster 1,106.4.
Red drum 157.8
Brown drum· 0.4

.. Spotted seatrout 37.4
Brown shrimp 1,179.6
White shrimp 748.3

Monthly optimal inflows 0,000 acre-h):
Jan 70.3
Feb 70.3
Mar 85.6
Apr 85.6
May 90.1
Jun 105.6
Jul 95.2
Aug 94.9
Sep 70.3
Oct 70.3
Nov 70.3
Dec 70.3

For this particular objective function and constraint
set, the effect of the probability level has an impact. ~he

minimum inflow is 0.89 million acre-ft for 50% salinity
probability, but increases to 1.04 million acre-ft for 57%
salinity probability. The salinity probability has no impact
at all on the maximum' inflow, which is 1.53 million acre-ft
for all salinity pr9babilities. This is probably the result ofa
combinationoftwo factors: the upper bounds on the monthly
inflows may have been set a little low, and the salinity lower
bounds might have been too low. If the salinity lower
bounds were raised or if higher upper bounds on monthly
inflows were imposed, MaxQ may be different for different
salinity probabilities.

As the sali~ity probability is increased, the feasible
range of. the inflow is narrowed and the total harvest is
decreased. This statement is borne out graphiClllY by the
performance curves in Figure 8.3.1, in which a 50% salinity
probability case has the widest feasible inflow,range and the
highest total harvest. At 57% salinity probability, the inflow
range and the total harvest are reduced. As the salinity
probability is increased further, the feasible inflow range and

, Annual inflow.

Total harvest

978.8

8,005.6

81.8
81.8
81.8
81.8

112.6
112.6

.' 95.2
, 94.9 '

81.8 '
81.8
81.8
81.8

1,069.7

4,167.1
745.0
130.5

0.4.
37.4

1;215.4
759.1

7,054.9
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Figure 8.3.4. Predicted salinities in upper San Antonio Bay.

increasing the salinity probability on the prediered salinity
values. As the salinity probability increases, prediered salini~

ties are less varied within the lower and 'upper salinity
bounds. The figures show that lower salinities would occur
during the late spring and summer seasons, refleering the
larger inflows during those periods. They also reflect higher
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Fi~re 8.3.2..Optimaland median monthly inflows for the Guadalupe
Estuary.

salinities for optimal solutiops than is indicated by hisw'rical
average salinities. This may be reasonable since the annual
inflows of the optimal solutions are significantly reduced
from the average inflows.

40

35

30

a 25
.90
~ 20'c
OJ 15CJ)

10

5

0

40

35

30

a 25
oS
~ 20
~
a; 15CJ)

10

5

0

Upper San Antonio Bay -&-- 50% SalP- 57% SalP
x Historical average

n'~)( x , )(
x x

x

Jan Feb Mar, Apr May Jun Jui Aug Sep Oct Nov Dec

Month .

.
Lower San Antonio Bay --<>- 50% salP--- 57% salP

x Historical average.

"' 7
'J(

"'" .~ x x xxx x x
"x "

Jan Feb Mai Apr May Jun Jul Aug Sep Oct Nov Dec

SUB

SLB

SUB

SLB

The predicted salinities for upper San Antonio Bay lie Month

iri the middle of the lower and upper bounds, as 'shown in . Figure 8.3.5. Predicted salinities in lo~er San Antonio Bay.
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Figure.8.3.6 for Esp~ritu Santo J?ay manifests a low
sensitivity of salinity to the inflows in contrast to Figures
8.3.4 and 8.3.5 that show high sensitivity to inflows in upper
and lower San Antonio Bay. "

9lue. Oyster 'Red Black Spotted 8<own While
crab dNm dNm sealrout shrimp shrimp

Species

Figure 8.3.3. Predicted and historical fishery harvests for the Guadalupe
Estuary.

SL8

SUB
Espir~uSanto Bay -- 50% SalP- 57% SalP

x Historical a'Ierage
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, The base fot comparison for sensitivity studies is Case
1, with unifor,ffi weighting amOl)g species, 50% salinity
probability (Sa/P) , 250/00 for the salinity upper bound (SUB)
in lower San Antonio Bay, and median monthly inflowsfor
the inflow upper bounds (QUBs). We have already looked
at the effeer'of Sa/P.. In this section, we examine the effects
of SUB, QUB, at:td the objective fi.J.nerion.
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Fiiuce 8.3.6. P~edicted salil\iti~ in Espiritu San~o Bay.
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.. Figure 8.3.4. But for lower San Antonio Bay, the predicted
salinities lie at the upper bounds in early spring, fall, and
winter seasons, as shown in Figure 8.3.5. In otherwords, the
salinity upper bounds for lower San Antonio Bay are the
binding constraints (meaning they are directly influencing
'the solutions). It should be noted that salinities predicted by
TXEMP are meant to be monthly averages, not an instanta­
neous prediCtion:
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Table 8.3.4. Historical average salinities and predicted salinity of the two
optimal solutions.,

Effect ofinflow upper bound (QUB). 'Figure 8.3.8
shows three performance curves for Case 1 for three different
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Figure 8.3.8. T oral harvest'Performan~curveS for differe~t inflow upper
bounds (qUB's) for the Guadalupe Estuary.

5aJinity uppe(bound (SIJB.in ppt).

Figure 8:3.7. Minimum inflo~ (MuiQ.'s) for differe~1t salinity upper
bounds (SUB's) for lower Sari 'Antonio Bay. '

. '" '," ..' "

QUB's. The first one is th~ median QUB (b~~ case), the
second is the average (of median and mean) QUB, and the
third is the mean QUB. As the QUBs are:~et t~ l:irger values,
the feasible inflow range is expanded and the, total harvest 'is
increased. The peak of the p~rforma:~ce cllrve for median
QUB occurs at 0.98 ~illion a~;e~fr ofinfl~wand S.O million
pounds of total harvest; the peak for the average QUB
performance curve occurs at 1.12 million acre-ft of inflow
and 8.9 million pounds oftotal harVest; and the peak for the
mean QUB pc:rformance curve occurs at 1.34 million acre­
ft of inflow and 9.0 million pounds of total harvest. Note
that all three curV~stan fr6m the saine MinQpolntbecause
the salinity bounds and'the lower bounds on die monthly
inflows were held fiJ.'eCi. , " ' , '

Effect ofobjective funCtiOn;;' Figilre8.3.9 shows th~

performance curve for case 10 where'the objective funCtion
is weighted to favor seatr~ut andb~own:'slirimp harvests.
Because the objective'function is the sum ofthe termpJ!lk.
in whichPk is the weight representing a relative imponance
of the species and Hkls the harvciit, the objective function
value can be thought ofas an ecO~orriic ~r recreational v~fue
of the total harvest. 'The cUrve depi~i:ed in. Figure' 8.3.9 is

57% SalP50% SalPAverageMonth

Upper S.~ Antonio Bay:
Jan . 8.4 12.9 10.5
Feb' 9.4 12.9 10.5
Mar 7.3 9.8 10.5
Apr .' 8.3 ' 9.8 10.5
May 7.2' 9.2 6.7
Jun 3.4 7.4 6.7
Jul 7.1 8.5 8.5
Aug 4.4 8.5 8.5
Sep 5.3 12.9 10.5
Oct 9.2 12.9 10.5
Nov 9.3. 12.9 10.5
Dee 8.3 12.9 10.5

Lower San Antonio Bay:

Jan 15.7 25.0 22.2
Feb ·14.8 25.0 22.2
Mar 17.0 21.5 22.2
Apr 20.4 21.5 22.2
May 17.3 20.7 17.4
Jun 15.7 18.3 17.4
Jul 13.9 19.8 19.8

.Aug 14.2 19.8 19.8
Sep 18.9 25.0 22.2
Oct 19.0 25.0 22.2
Nov 18.6 25.0 22.2
Dec 14.7 25.0 22.2

Espiritu Santo Bay:

Jan 25.9 27.3 26.2
Feb 23.~ 27.3 26.2
Mar ~6.1 25.9 26.2

APr 25.6 25.9 26,2
May 24.6 25.6 24.1
Jun 21.1 24.5 24.1
Jul 19.5 25.2 25.2
AUg 19.2 25.2 25.2
Sep 27.3 27.3 26.2

, Oct 25.3 27.3 26.2
Nov 24.6 27.3 26.2
Dec 26.4 27.3 26.2

Effectofthe salinity upper bound(SUB). We pointed
out earlier that the salinity upper bounds for lower San
Antonio Bay is the binding constraint for Case 1. It may be
ofinterest to know how much these constraints influence the
solutions, in particular the MinQ solutions. Figure 8.3.7
shows the effect of SUB on MinQ, which is almost a linear
relationship. MinQ is 0.90 million acre-ft when the SUB is
250/00 (base case), but it could be assmall asO.71 niillionacre­
ft if th~ SUB were set to 300/00.
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Inflow .11000 acre-ft)
Figure 8.3.10. T oral harvest performance curves for the base case and case
10.

smooth and round, and the peak is well defined compared to
the performance curves for Case 1 in Figure 8.3.1. The peak
occurs at 1.26 million acre-fr and the objective function
value is 555 units. Since theweightings are so heavily in favor
ofbrown shrimp (27 rimes the weighting on blue crab) and
sponedseatrout (49 times the weighting on blue crab), this
obj~ctive function curve shows the effect ofinflow on brown
shrimp and sponed seatrout that is usually masked by the
large blue crab harvest. Figure 8.3.10 shows the total harvest
performance curve for Case 10 together with the perfor­
mance curve' for the base case for· comparison. These
performance curves appear si~ilar butare act~lydifferent
~ith regard to individual species harvests (see Table 8.3.1 for
maximum harvests of the two cases). The seatrout harvest
emphasized inCase 10, which is three times as great as in the
base case, does not stand o~t in the total harvest performance
curve because of the dominance (in terms ofweight) of the
crab harvest.

Inflow (1000 acre-ttl

Figure 8.3.9; Objective value performance curve for case 10.

Figure 8.4.1 is a map illustrating the three estuarine
systems and the boundaries of the Three-Bay Model which
was originally created to study the flow exchanges between
the Guadalupe Estuary and its neighboring estuaries, the
Lavaca-Colorado Estuary and the MisSion-Aransas Estuary.
Aseparate publication will provide details about the calibrac
tion of the Three-Bay Model. Figure 8.4.2 is the finite
element grid used for the Three-Bay Model. Node 502
represents upper sari Antonio 'Bay, node 523 mid-San
Antonio Bay, and node 579 lower San Antonio Bay. Salini­
ties measured and computed at these nodes are presented in
figures in this section.

Model Calibration

Major input data for TXBLEND includes daily fresh­
water inflows, bihourly tides, and daily meteorological data.
including evaporation, precipitation, and wind. Tidal data
for 1984 was synthesized by a tide generation program based
on 37 harmonic components. Evaporation from the bay was
estimated using an empirical equation baSed on air tempera­
ture, dew point temperature, wind speed, and the water
surface area (Brandes and Masch 1972). A separate publica­
tion will present the TXBLEND model in detail.

To demonstrate the capability of the TXBLEND
model, San Antonio Bay salinity conditions in 1984 were
simulated in teal time, after calibrating model parameters
using data from other years. 1984 was chosen because most
of the input data' was readily available, since it had been
prepared for the nutrient balance study to represent a very
dry year (Section 7.3).

An optimization model such as TXEMP is very'pow­
erful in examining "what-if'. type. questions, but it lacks the
ability to reflect the estuary's response in detail. Asimulation
model may be used to show how an' estuarine system
responds to a selected inflow panern. TXBLEND is a
simulation model developed to study the system's response
in terms ofwater movement and salinity to different inflow,
tide, and weather conditions. TXBLEND is an expanded
version ofthe BLEND model developed by Dr. William G.
Gray of Notre Dame University. His model was modified
by adding input routines for tides, river iilflows, winds,
evaporation, concentration, and various utilities. BLEND is
a depth-averaged, two-dimensional finite element model
and employs linear triangular elements.

TXBLEND Model

8.4 SIMULATION OF SAllNITY CONDITIONS
FOR THE YEAR 1984
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Water movnnmt. Figures 8.4.3 through 8.4.10 are
the velocity vectors for every three hoUrs showing how'the
model simulates the water movements in one tidal cycle on
June 28, 1984. These vector plots depict slow movements
in open bays and fast movements at flow exchange points
with the GulfofMexico in such places as the MatagordaShip
Channel at the entrance, Pass Cavallo; Corpus Christi

.Channel at the entrilnce~ and Lydia Anti Channel. .At the
eastern boundary of the Guadalupe Estuary, Saluria Bayou
and Big Bayou show a fairly strong water movement,as well
as at Steamboat Pass and South Pass at the boundary ofSan
Antonio Bay and Espiritu Santo Bay. However, at the
western boundary of the estuary, Cedar Dugout and Ayres
Dugout do not show as strong water movement:

;

. Matagorda Bay

Espiritu
Santo Bay

A-Matagorga Ship Channel
B-Pass Cavallo
~Saluria Bayou';
D-Big Bayou
E-'Steamboat Pass
F-8outh Pass
G-Ayres Dugout
H-Cedar Dugout
I -Lydia Ann Channel

J -Corpus Christi Channel
K-,Intracoastal WaterYt/ay (ICWW)

OJ-Areas of data points
for regression equations.

Figure 8.4.1. Boundaries, bays, passes, and channels for the Three-Bay Model of the Matagorda, San

Antonio. and Aransas bay systems.

294



Lavaca Bay _-~.~lA

San Antonio
Bay

~~i¥- Gulf of Mexico

N

t

. Figure 8.4.2. Computational grid for me Three-Bay Model of rhe Matagorda, San AnIOnio, and Aransas
bay systems.

Quantitatively, the model estimates 7.3 million acre­
ft ofwater was exchanged (i.e., this volume Ofwaterwem in
and about the sarrie amount went out) annually through the
eastern boundary comprising Saluria Bayou, Big Bayou, and
the Intracoastal Waterway (ICWW); 4.6 million acre-ft

. through Steamboat Pass and South Pass; 2.2 million acre-ft·
through the western boundary comprising Cedar Dugout
and the ICWW; and 1.2 million ;lCre-ft through Ayres
Dugout and the ICWW, or roughly four times more water
through Steamboat Pass and South Pass than through Ayres
Dugout and the ICWW.

Salinity. Table 8.4.1 lists the observed salinities and
the monthly inflow volumes preceding the observed date.
Figures 8.4.11,8.4.12, and 8.4.13 compare the simulated

and observed salinities: The simulation does not necessarily
trace all the observed values closely, bui the model appears
to be performing satisfactorily. Salinity response is difficult
to trace closely, in part because it is highly variable. It
depends on the timing of the sampling in relation to tidal
conditions, the layer from which the sample is taken, and
other factors such as meteorological condirions. In spite of
some discrepancies, these figures clearly ~xhibit many of the
characteristics of rhe bay. Lower salinities are found in the
upper ponion of San Anronio Bay; the salinities increase
toward the mid- and lower ponions of the bay. Figure
8.4.11 shows the wide and sharp fluctuations in salinity that
occur in upper San Antonio Bay. Fluctuations are reduced
in Figure 8.4.12 for the mid-ponion, and are further re­
'duced in Figure 8.4: 13 for the lower portion of the bay.

. '
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( 1 fps: )

Figure 8.4.3. Simulated velocity vectors for the Three-Bay Model at OOOOhr on June 28, 1984; arrow
indicates a velocity of 1 ftls.
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fps: ) 4323HOURS

Figure8.4.4. Simulared velocityvecrors for the Three-Bay ~,?delar 0300 hr on June 28, 1984; arrow
indicares a velocity of 1 ft}s.
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( 1 fps: ) ·4326HOURS

Figure 8.4.5. Simulated velocity vectordoc the Th~ee-Bay Model at 0600hron June 28, 19~4; arrow
indicates a velocity of 1 ftls. '
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( 1 fps: ) 4329HOURS

Figure 8.4.6. Simulated velocity vectors for the Three-Bay Model at 0900 hr on June 28,1984; arrow
indicates a velocity of 1ftls. . '. .,
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( 1· fps: ) 4332HOURS

Figure8A.7. Simulated velociry vectors for the Three-Bay Model ~i izoo hr on June 28.1984; arrow
indicares a velocity of I ftls. ;'
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( 1 fps: ) 4335HOURS

Figure 8.4,8, Simulatcdvelocity vect()ts for the Three-Bay Model at 1500hr on June 28. 1984; arrow
indicates a velocity of 1 ft/s.
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Figure ~.4.9. Simulated velocicy vectors for die Three-Bay Model at 1800 hr on June 28, 1984; arr'ow
indicates a velocicy of 1 ftls.
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/

fps: ) 4341HOURS

Figure 8.4.10. Simulated velocil)'vecrors for the Three-Bay Model at 2100 hr on June 28,1984; arrow
'indiCateS a vel~il)' of! ftls. " .
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Table 8.4.1. 1984observed salinities (%0) and monthly inflowvolumes (1.000
acre-ttl.

boundary has more water movement. The evaporarion effect at
lower San Antonio Bay appears to be stabilized for August and
September as seen in Figures 8.4.21 and 8.4.22, but the
salinities are still very high for this ponion of the estuary.
Figures 8.4.23. 8.4.24. and 8A.25 for October. November, and

Lower San Antonio Bay:

Mid-San Antonio Bay:
Jan 4
Feb 8
Mar 21
May 9

. May 23
Aug 15
Sep 12
Sep 19
Oct 3
Oct 31
Nov 14
Nov 28
Dec 12

Inflow

13.8 48.8
18.9 66.3
14.1 67.4
16.7 60.0
11.1 86.9
25.0 38.4
31.1 18.7
28.9 16.1
23.8 1\.3
26.6 8.7
32.2 11.5
26.6 17.3
31.1 49.9
19.9 145.0
15.3 163.4
8.0 69.2

1'1.7 48.8
19.4 90.4
25.5 88.8
23.9 35.]
25.0 38.4
23.8 18.9
25.0 17.0
31.1 125
32.7 11.5
23.5 145.0
15.5 163.4
22.2 93.4
16.9 69.2

16.1 48.6
23.3 78.0
21.6 69.5
20.0 60.3
20.0 59.6
19.4 88.4
24.4 45.6
27.2 33.0
28.8 38.9
30.5 8.3
30.8 17.7
35.3 11.5

. 22.0 17\.2
25.2 129.9
23.8 71.9

Salinity

7
21
11
3

10
31
21
19

2
4
8

29
10 ~

24
8

Day

Jan
Jan
Feb
Mar
Mar
Mar
Apr
May
Jun
Aug
Sep
Sep
Nov
Nov
Dec

Month

Upper San Antonio Bay:

Jan 4
Feb 15
Feb 22
Mar 7
Apr 4
May 23
Jm 4
Jm 11
Jm 18
Aug 1
OCt 3
Oct 10
Oct 17
Oct 31
Nov 14
Dec 12

Salinity pattrrn. Figures 8.4.14 through 8.4.25
are plots of salinity contours (or isohalines) for the
simulated average monthly salinities. in 1984. The
January average salinity condition shown in Figure
8.4.14 indicates a strong influence by the sea water that
came through Steamboat Pass and South Pass into San
Antonio Bay. This is evidenced by the fan-shaped
isohalines centered around the passes. (Note that water
movement is generally perpendicular to the isohalines).
In addition, the narrow spacing of isohalines indicates
a sreep salinity gradient, and the high saliniry levels at
the passes point out the recent arrival ofsea water from
the Gulf.

Figures 8.4.15 and8.4.16for February and March
show milder saliniry gradienrs which may suggest the
dispersion of the sea water that arrived in January.
Figures 8.4.1? and 8.4.18 for April and May show a
rather typical salinity panern, in sharp conrrast with the
January condition. The isohalines are lined up in an
orderly manner, with the lower salinity conrours start­
ing at the upper estuary and gradually increasing toward
the lower estuary. Notice that the isohalines change
orientation at the "corners" or near Steamboat Pass and
South Pass at the· eastern side and near Ayres Bay at the
we.;tern side of San Antonio Bay.

Figures 8.4.19 and 8.4.20 for June and July show
the evaporation effect in Mesquite Bay and Ayres Bay.
The effect creeps into San Antonio Bay through the
southern boundary. probably because the nonhern

For comparison. the 1984 historical monthly
inflows. the optimal inflows of the uniform weighting
with 50% salinity probability (Case 1). and the MinQ
inflows are listed in Table 8.4.3. As can be seen from the
table, the swnmei inonths of 1984 had vety low in­
flows. This drought condition is well reflected in the
simulatedsalinities in Figures8.4.11. 8.4.12.and8.4.13.
Significant precipitation came in mid- and late Octo­
ber, causing a sharp drop in salinity. This is also shown
in the simulated results in the same figures (see also
Table 8.4.2 for October precipitation data).

In Figures 8.4.11. 8.4.12. and 8.4.13. the sharp
increase in salinity in the first month most likely re- .
sulted from cold fronts (see Table 8.4.2 for the meteo­
rological data used as input data from the National
Weather Service for Victorja. Texas). Sustained north­
erly winds probably caused water movement in lower
San Antonio Bay from east to west which helped bring
in more Gulfwater through Saluria Bayou. Big Bayou.
Steamboat Pass. and South Pass. As a result, the salinity
in all of San Antonio Bay increased rapidly.
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. . I
Table 8.4.2. Partial listing ofthe meteotological input data used for 1984 simulation, precipitation(inc~es),evapo~ati(jn (inches), wind
speed (mph), and wind direaion (degrees). Mon = month, Prec: precipitation,W.S. = wind speed, W.D. : wind direai()n. .

Mon Day Prec Evap W.S. W.D. Mon Day Prec Evap W.S. W.D. ' . Mon Day Prec Evap W.S. W.D.·

1 1
1 2
1 3
1 4
1 5
1 6
1 7
1 8
1 9
1 10
1 11
1 12
1 13
1 14
1 15

.1 16
1 17
1 18

.1 19
1 20
1 21
1 22
1 23
1 24
1 25
1 26
1 27
1 28
1 29
1 30
1 31
2 1
2 2
2 3
2 4
2 5
2 6
2 7
2 8
2 9
2 10
2 11
2 12
2 13
2 14
2 15
2 16
2 17
2 18
2 19
2 20
2 21
2. 22
2 23
2 .24
2 25
2 26
2 27
2 28
2 29

0.00
0.00
0.00
0.00
0.00

.0.00
0.00
0.19
2045
0.00
0.00
0.00
0.00
0.16
0.01
0.00
0.00
0.24
0.00
0.00
0.00
0.14
0.39
1.05
0.32
0.00
0.00
0.00
0.00
0.02
0.05
0.00
0.28
0.03
0.00
0.00
0.00
0.00
0.04
0.04
0.00
0.01.
0.04
0.00
0.00
0.05
0.00
0.00
0.08
0.00
0.31
0.01
0.00
0.00
0.00
0.00
0.02
0.00
0.00
0.00

0.11
0.13
0.07
0.08
0.07
0.08
0.21
0.09
0.10
0.17
0.04
0.05
0.12
0.05
0.03
0.03
0.02
0.06
0.06
0.11
0.08
0.03
0.01
0.01
0.07
0.04
0.10
0.12
0.11
0.17
0.07
0.05
0.02
0.11
0.10
0.22
0.14
0.09
0.03
0.12
0.14
0.12
0.20
0.18
0.17
0.12
0.14
0.11
0.12
0.20
0.06
0.10
0.12
0.16
0.17
0.20
0048
0.32
0.20

'0.08

9.9
11.2

8.2
4.5
5.9
6.0
9.9

12.9
12.8
22.9

7.2
7.3

14.3
14.2
13.0
lOA
11.8
18.9
12.2
15.2

9.8
9.8
3.9

lOA
ILl

5.2
7.3
6.0
8.1

12.1
7.9
5.9
6.3
9.1
SA

ILl
11.0

·8;1
10.3

904
15.1
15.8
12.5

7.4
10.6
10.1

6.8
12.9
13.5
15.8
16.6

8.1
7.1
9.2
8.7

13.5
21.8
23.1
1304 .

7.3

104
44
33

234
274
233

72
88

352
346

31
15

9
3
3

12
28

1
16
25
47
86

124
26
15
38

319
237
201

9
349
213

14
349
333
334

35
112
96

192
180
165
311
200
149
177
35

140
130

25
5

333
228
175

36
138
242
321
333

46

6. 1
6 2
6 3
6 4
6 5
6 6
6 7
6 8
6 9
6 10
6 11
6 12
6 13
6 14
6 15
6 16
6 17
6 18
6 19
6 20
6' 21
6 22
6 23
6 24
6 25
6 26
6 27
6 28
6 29
6 30
7 1
7 2
7 3
7 4
7 5
7 6
7 7
7 8
7 9
7 10
7 11
7 12
7 13
7 14
7 15
7 16
7 17
7 18
7 19
7 20
7 21
7 22
7 23
7 24
7 25
7 26
7 27
7 28
7 29
7 30
731

0.00
0.00
0.00
0.00
0.00
0.11
0.00
0.00
0.00
0.06
0.03
0.02
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.04
0.00
0.00
0.00
0.00
0.00
0.02
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
am
0.00
0.06
0.01
0.00
0.00
0.00
0.00
0.00
0.02
1.11
0.00
0.00
0.47

'0.17
0.02.
0047
0.01
0.00
0.00

0.33
0.30
0.28
0.29
0.30
0.31
0.38
0.39
0.30
0.32
0.23
0.31
0.29
0.29
0.26
0.31
0.33
0.32
0.35
0.31
0.34
0.34
0.34
0.24
0.34
0.37
0.38
0.29
0.26
0040
0.23
0.36
0046
0.51
0.42
0.38
0.28
OAO
0.39
0.49
0040
0.42
0.39
0.37
0.42
0.48
0049
0.41
0.28
0.22
0.33
0.26
0.38
0.22
0.23
0.27
0.28
0.14
0.38
0.44

.0.37
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10.8
9.8

ILl
12.6
1404
14.2
15.7
14.8
13.1
11.4

9.8
12.1
10.3

8.9
8.3
9.8
9.9
9.6
9.7
9.4
8.9
8.9
8.7
6.6
8.6
8.8
9.8
7.3
7.7

lOA
7.7
9.8

11.5
11.8

9.2
8.6
7.8
8.7
9.6

11.4
9.7
8.9
8.1
8.5
9.1

10.1
11.3
10.6

7.8
7.6
904
8.6
9.2 ..
9.0
7.3
804

. 7.5
7.6
9.1

. 10.7
8.8

146
140
126
146
157
152
155
148
146
124
131

.131
127
ill
130
135
141
137
153
143
157
165
174
191
201
180
175
167
177
165
174
162
157
170
162
181
153
150
164
163
140
174
165
162
169
187
197
201
167
159
109
108

93
49

119
119
132

53
26
35
58

9
9
9
9
~
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9

10 .
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
~O

10
10
10
10

1
2
3
4
5.
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
.20
21
22
23

.24
25
26 .
27
28
29
30
31

0:34
1.03
0.55
0.00
0.00
0.00
0.31
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.30
0.25
0.00
0.00
0.00
0.12
0.63
9·00
0.00
0.00
0.00
0.00
0.00
0.00
0.06
0.02
0.60
0.00
0.00
0.00
0.Q1
0.00
0.01
0.22
0046
0.01
0.12
o.bo
0.04
1.30
0.00'
0.00
0.07
0.00 .
3.51
o.li
0.00
0.56
0.06
0.01
0044
3.45
0.05
0.00
0.00
0.01
0.00'

0.34'
0:07
0.07
0.22
0.37
0.34
0.28
0.39
0.35
0.36
0040
0.29
0.26
0.24
0.18
0.21
'0.31
0.26
0.31
0.18
0.06
0.13
0.20
0.20
0.22
0.19
0.14
0.19

. 0.12
0.19
0.17
0.17
0.23
0.17
0.25
0.34
0.06
0.12
0.10
0.11
0.14
0.22
0.09
0.13
0.26
0.23
0.22
0.31
0.14
0.27

. 0.16
0.08
0.07
0.04
0.08
0.11
0.13
0.17
0.11
0.12
0.18

10.3
8.7
6.9
9.5

·11.8
10.7
10.8
12.3
11.3
11.6
1104
8.8
K3
6.9
8.7

11.8
10.6
9,4 .

10,4
11.0
lOA
8.2
9.5

10.8
9.2

10.9
9.8

12,4
13.5
10.1

7.9
8.1 '
9.6
9.9

11.6
13.0

7.3
7,4
7.9
7,4
8.7
904
904
8.0

12,4
11.9
11.9
16.1
11.9
14.2
13.7
13.9
13.7

8;1
9.0
9.1
9.0
8.5
6.3
7.6

10.3

109
99
91
34
52
80

125
165
169
169
150
146
127
106

10
28
33
32

.26
21

3
183
132
136
122

11
37
22

6
359

78
96

107
120
160
164

69
127
103
100
123
149
126
176
177
167

64
164
129
168
122

14
9

16
64

133
155
175
104

87
'134



8.4.4. There are two months in the upper San Antonio Bay
area where the simulated salinities exceed the salinity upper
bound throughout the area (September and October). In
lower San Antonio Bay, the salinity upper bounds through­
olit the area are exceeded for six months, although the largest

. violations occur from July through October.

"

1

-,,- :::: I " There are several reasons why the simulated salinities

-l---~-~-""':'==::;:==:.'-r----...----J- may exceed the salinity upper bounds. First, the' inflow-
o 0 61 122 183 244 305 366 salinity equations that were used in the TXEMP are vety

Days of 1984 simplified; they represent the middle range of inflows and
salinities bener than the inore extreme values. For example,
for the upper San Antonio Bay equation, only about 25 of
the 359 data points were taken at salinities equal to or greater
than 200/00 or at inflows ofless than 50,000 acre-fe/month.
Consequently, this equation may undersrate the salinity
levels that occur at low inflows. In aCilial use, it may be
preferable to use another form of the regression equation
that bener represents the relationship between low Inflow
and high salinity to provide a more accurate analysis.

35
Upper SanAntonio Bay

" "30
"

2S "
a.

20.&
l;

"oS 15
iii
(/)
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Figure 8.4.11. Simulated and observed salinities in upper San Antonio
Bay.

Days 011984

Figure 8.4.12. Simulated and observed salinities in mid-San Anronio Bay.

A second reason involves the 1984 input conditions
used with the TXBLEND simulation. The year 1984 was
extremely dry in this basin. Annual evaporation at the bay
was the highest recorded between 1977 and 1987, and direct
precipitation on the bay was the second lowesr recorded over
the same time period. These conditions may have biased the
simulated salinities upward compared to more typical, aver­
age weather condirions.Furthermore, the solution from the
TXEMP does not guarantee that the saliniry bounds will be
observed 100% of the time. The highest probability of
satisfYing the bounds is 63.6%, as indicated by rhe MaxSalP.
This test case was obtained under a more relaxed 50% SalP,
so it is not surprising that simulated salinities exceed the
bounds during some months in parts of the estuary. The
results do suggest the desirabiliry of reexamining the inflow­
salinity equations used in the TXEMP Model and the tidal
and weather inputs to the TXBLEND modei to refine the
relationships used in this example analysis before it hecomes
operational.

366

366

"" .

305

305

244

244

1113

Days of 1984

.22

0-+--.---.-----,.-- -.-----,---....----4
o 61 122 183

3.~
I I

Lower San Amonio Bay
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a ~
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Figure 8.4.13. Simulared and observed salinities in lower San Antonio

Bay. Simulated Salinity Conditions for Optima! Inflows
and Minimum HistoricaJ Inflows

December, respectively, show decn:ased salinities compared
[Q those of summer months.

Figures 8.4.14 through 8.4.25 also show the location
of :he areas from which the salinity-inflow regression equa­
tions were taken. The isohalines 'in these areas can be
c~mpared with the salinity bounds from the TXEMP to
judge how well the computed inflows agree with the simu­
lated salinities from the TXBLEND model. The ranges of
salinities for each month and each area are shown in Table

Figures 8.4.26,8.4.27, and 8.4.28 show the compari­
sons of simulated salinities, one lor the 1984 historical
inflows and the orher for the optimal inflows (or MaxH
solution) of the uniform weighting case with 50% salinity
probability. Interestingly, the optimal inflow case has a very
similar pattern to the historical case. The difference is an
overall drop in salinity for optimal inflows during the
summer months, which is most likely a cumulative effect of
the inflows during the spring and summer months (Table
8.4.3). The effect of the increase in freshwater inflows
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Three Bay System: 1984 simulation

Figure 8.4.14. lsohalines of me simulated salinity from.me Three-Bay Model for January 1984.
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Three Bay System: 1984 simulation

Figure 8.4.16. IsoilaJinesof,the sim$tedsalinitf from the Three-Bay Model for March 1984.
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Thl'ee Boy ,Systerr,: 1984 simulation tv10f'1TH: 4

. Figure 8.4.17. lsohalines of me simiilated salinity from the Three-Bay Model for April 1984.
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Three Bay System: 1984 simulation

Figure 8.4.18. lsohalines of the simulated salinity from ~eJhree-Bay Model for May 1984.
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Three Bay System: 1984 simulation MONTH: 6

Figure 8.4.19. Isohalines of the simulated salinity from the Three-Bay Model for June 1984.
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Three Boy System: 1984 simulation

Figure 8.4.20. Isohalines of the simulate4 salinity from the Three-Bay Model for.July 1?84.
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Three Bay SysterT1: 1984 sirnulation MONTH: 8

Figure 8.4.21. lsohalines of the simulated salinity froll! the Three-Bay Model for Augusr 1984.
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Three. Boy Syste·rn: 1984 s.irnulotion ,MONTH: 9

Figure 8.4.22. Isohalines of the simulated salinity from the Three-Bay Model for Septem~r 1984.

315



/ .'

Three ,Boy System: 1984 simulation MONTH:' 10

Figurc 8.4.23. lsohalincs of thc simulatcd salinity from thc Thrc';-Bay Model for October 1984.
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Three Boy System: 1984 simulation

Figure 8.4.24. Isohalines of the simulated salinity.from the Three-Bay Model for November 1984.
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Three Bay System: 1984 simulation MONTH: 12

Figure 8.4.25. lsohalines of the simulated salinity from the Three-Bay Model for Decem~r 1984.
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during the summer months is felt more in the upper' part of
the bay than in the lower part, with an approximate 6 to 70/00
reduction in salinity at the upper part, 4 to 50/00 at the mid­
part, and 2 to 30/00 at the lower part of the bay.

In Figure 8.4.28 for lower San Antonio Bay, the
period representingJuly has a sharp peak near day 200. This
peak reflects the strong evaporation effect during July) 984,
especially in Mesquite Bay and Ayres Bay.

Figures 8.4.29, 8.4.30, and 8.4.31 show the compari­
sons of the simulated salinities between the 1984 historical
inflows and the minimum inflows (or MinQ solution).
They show almost identical salinities in spite of inflow
differences during the summer months (Table 8.4.3).

.8.5 EVALUATION OF THE INFLOW ESTIMATES

Table 8.4.3. 1984, optimal, and minimum monthly inflows (1,000 acre-
fil.

Month 1984 Optimal Minimum

Jan 90.3 70.3 70.3 .
Feb 58.5 70.3 70.3
Mar 90.0 85.6 70.3
Apr 37.7 85.6 70.3
May 39.7 90.1 70.3
Jun 20.0 105.6 125.4
JUI 9.1 95.2 70.3
Aug 22.9 94.9 70.3
Sep 11.6 70.3 70.3
Oct 147.9 70.3 10.3
Nov 89.6 70.3 70.3
Dec 82.5 70.3 70.3

Annual 699.8 978.8 898.7
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Several studies have addressed the links between fresh­
water inflow and productivity in the Guadalupe Estuary
(Childress et al. 1975; TDWR 1980b; EH&A 1986). The
first two of these studies considered the magnitude of
commercial harvest ofcertain finfish and shellfish species as
a function of freshwater inflow.

The ChiUlress et al study. Upon examination of
1961-1968 and 1971-1974 commercial landing data and
historical gaged freshwater inflow data, Childress et ;U.
(1975) concluded that an annual gaged inflow of 1.6 to 2.4
million acre-ft delivered on a seasonal schedule appeared to
be associated with high shellfish production in San Amonio
Bay. They found that rotal shellfish landings increased with
annual gaged inflows up to 2.3 million acre-ft. Above this'
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Figure 8.4.28. Simulated salinities for historical and optimal inflows at the
50% SalP for lower San Antonio Bay.
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Figure 8.4.31. Simulared saliniries for historical and minimum inflows ar
the 50% SalP for lower San Anronio Bay.
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level, a decline in shellfish landings was generally noted. The
ideal freshwater inflow seasonal delivery schedule was based
on that of the three years of highest shellfish production of
the period analyzed-':1965. 1969, and 1972. January
through April inflow accounted fot 32.7% of the annual
total, May through June accounted for 41.3%, and 26.0%
occurred dui:ingJuly through December.

A similar relationship could nor be developed for
finfish landings in San Antonio Bay. Childress et al. postu­
lated that one of [he reasons for a lack ofsignificant correla­
tion of inflow with finfish landings could be attributed to
finfish mobiliry and less dependence on currents associated
with inflow that provide nutrients.
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Table 8.4.4. Ranges of simulated salinites from TXBLEND in me rhree areas from which the inflow-salinity
regression equarion dau. was uken. Where isohalines from figures 8.4.14 rhrough 8.4.25 did nor croSs rhe regression
dau area, rhe saliniry was c:>rimared by observing the nearesr isohalines: The salinity ranges in parenthesis under rhe
headings are me salinity lower and upper bounds used in the TXEMP Model analysis, Underlined yalues indicare
salinites wirhin rhe regression data areas rhat exceed rhe upper bounds (Secrion 8.2 and tables 8.2.7 and 8.2.8).

Monch

January

Febniary

March

April'

May

June

July

Augusr

September

October

November

December

Upper San Antonio Bay Lower San Anronio Bay Espiritu Sanro Bay
(l ro 200/00) (5 ro 250/00) (J 0 ro 400/00)

10 to 150/00 22 to 250/00 30 to 310/00

14 ro 160/00 23 to 240/00 29 to 300/00

11 to 160/00 -230/00 27 ro 290/00

13 to 170/00 -230/00 28 to 300/00

13 to 20%0 -250/00 28 to 300/00

15 ro 2.10/00 ~o/oo 29 ro 300/00

19 to 2.10/00 .1l..J!;Lll0/00 -31%0

20 ro 1Q0/00 .::.3Q0/00 -310/00

24 to 290/00 ::310/00 ~310/00

22 ro 270/00 .::.3Q%o -310/00

18 ro 220/00 25 to 260/00 .290/00

19 to 240/00 =1Z%o 30 ro 310/00
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The TDWR injbJw study. A more detailed look at the
fresh~aterinflow issue was taken byTDWR (1980b). The'
TDwR ~heori~ed'that the inflow-salinity-biological ~ela-,
tionships could be quantified and examined via three "key"
indicators: (I) inundation frequency ofmarsh areas, which
serve as important nutrient sources and nursery habitat
areas, (2) monthly salinity levels, and (3) seasonal total
freshwater inflow needs 6f the 1962-1976 commercial fin­
fish and shellfish harvests. Equations were formulated that
related 1962-1976 annual commercial fisheries harvests to
seasonal freshwarer inflows, monthly salinities to monthly
freshwater inflows, and upper and lower monthly salinity
bounds to viable salinity gradients for selected estuarine
organisms for each Texas estuary. A mathematical program~,
ming model was used to determine monthly freshwater
inflow requirements addressed by the three "key" indicators.

Three scemirios were analyzed for the Guadalupe
Estuary. The subsistence scenario (Alternative I) provided
freshwater inflows necessary to meet minimum monthly
salinity levels and marsh inundation needs, but resulted in a
decrease in finfish harvests. Annual gaged inflows of 1.2
million acre-ft (combined inflows of 1.6 million acre-fr),
distribured monthly, were deemed sufficient to satisfY the
subsistence scenario requirements. The maintenance sce­
nario (Alternative II) also provided adequate freshwater
inflows for salinity and inundation needs, but in contrast,to
the subsistence scenario, predicted that red drum, sporred
searrout, shrimp, and shellfish harvests would be maintained
at or above 1962-1976 average levels. Annual gaged inflows
of 1.6 million acre-ft (combined inflows of2.0 million acre­
ft), distributed monthly, fulfilled the maintenance scenario
conditions. The enhancement scenario (Alternative III)'
provided inflows sufficient to maximize predicted shrimp
harvests, but at the expense ofdeclines in the harvests ofboth
red drum and sporred searrout. Annual gaged inflows
necessaryto meet the enhancementscenario criteria were 1.8
million acre-ft (2.3 million acre-ft ofcombined inflows) and
followed a specific monthly pattern. '

The EH&A river basin study. Espey, Huston &
~Ociates, Inc. (EH&A 1986) conducted a study on the
potential effects of reservoir development in the, Guadalupe
and San Antonio river basins on the downstream Guadalupe
Estuary. Their approach to analyze the effects comprised
three steps. First, the minimum monthly inflows necessary
to protect the viability of the bay syste!J1 were established.
Second, operation of the proposed reservoir was simulated
by'a computer model with, an assumed operating rule to

determine reservoir yield from 1940 through 1982. Third,
the result of the simulation was assessed as to the volume of
inflows to the San Antonio Bay and the fre~uency of the
occurrence.

. " t \, i'" \ ,

To relate freshwater inflow quantities to the condition
ofthe bays, regression equations between inflow arid salinity
were develope~ for nine sampling stations in San Antonio
Bay. Biological reasoning waS used to select salinityviability
limits for each month for upper, middle, and lower pottions
of the bay. Based on these regr~ion equations and the
salinity limits, the minimum monthly combined inflows
were determined to be 50,000 acre-ft from January thr~ugh

May; 40,000 acre~ftfor June, July; and August; 70,000 acre­
ft for S~ptemberahd :October; and 50,000 acre-ft for No­
vember and December, totaling 610,000 acre-ft annually.
The substantial differences in the estimates of freshwater
n~eds among EH&A, TDWR, and Childress et al. caJ1. be
attributed to the' uncertainty asSociated with the commercial
fisheries' data on which the latter two partly based their
estimates, as well as differences in the estimated salinity
viability limits and inundation requir~ments.

Comparisons among Recommended liillows

Maximum harvest comparison. figure 8.5.1 com­
pares three recommended inflow scenarios: MaxH is fx:om
the results reported in Section 8.3 of this study for the
uniform species weighting case, with 50% salinity probabil­
ity; TDWRAlternative II is the Alternative II (maintenance)
inflows teported by TDWR (1980b) and Childtess Mini­
mum is the minimum inflows recommended byChildress et
al. (1975). The Childress et al. inflows have been adjusted

, upward to represen~ combined monthly inflow~ by assum~,

ing that the gaged inflow constitutes 80% of the combined
inflow. '

The Childress et al. and TDWRAlternative II inflows
are similar, approximately 2.0 million' acre-ft, while that of
the' MaxH solution from this study is about 1.0 million acre·~

ft, half of the Childress et al. minimum and TPWR Alter~

native II inflows. The Childress et al. inflows are greater than
the historical median for 6'inonths of the year, while the
TDWR inflows exceed the median for 10 months of the
yedr. The monthly distriburio~ of the Childress et ai.,
recommended minimum provides more inflows during May
and June, about twice the historical median duri,ng these
months. The TDWR's Alterna~ive II provides more inflow
in May, June, and September. The MaxH solution has
highest flows during March through June; in May apd June,
the MaxH inflows are one-half,to one-third,those reported
by Childress et al. and TDWR;

,', Minimu";'injbJw'compar;;on. fig)lie 8.5.2'compares
the MinQ solu~ionfo~the 50% salinity probability and
EH&A's minimum inflows. On an annual basis, the MinQ
inflow is 0.9 million acre"h; while the EH&A inflow is 0.6
million acre~ft. On a: monthly basis; the MinQ solution

, recommends more inflow in May, but EH&A recommendS
,more· inflows in September and October.

321



500 • MaxH

III TDWR AItornalive II

~
400 [J Childress Minimum

* [J Median
()
III 300
8
0

~
200

0

""E
100

o
Jan Feb Mar AfX May Jun Jul Aug Sep Oct Nov Dec

Month

Figure 8.5.1. Comparison of median and recommended inflows for
maximizing harvest from Childress etal. (1975), TDWR (l980b), and this
study~

8.6 CONCLUSIONS

estuArine Mathematical Programming Model This
chapter has presented the TXEMP Model for determining
the freshwater inflow needs of an estuary. This procedure
has been specifically designed to use an estimare ofestuarine
organism productiviry as the performance variable so that
the inflows needed to maintain the productivity of various
sport and commercial· fish and shellfish species can be
determined, in accordance with the requirements of the
TEXAS WATER CODE 11.147(a). In addition, this
assessment model specifically includes elements involving
salinity requirements of the animals and plants, and the
nutrient and sediment loading regimes ofthe estuary, also in
accordance with the TEXAS WATER CODE 11.147(a).

The TXEMP Model allows the user to include salinity
limits in the analysis that are based on the life history
requirements ofestuarine organisms, and which can change

. during the year. The method includes a means to specifY a
salinity gradient and area-specific salinity limits throughout
the estuary, and to change that gradient and the limits as
desired. Th~ TXEMP Model haS provisions to include the
historical pattern and quantity of inflow into the estuary
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Figure 8.5.2. Comparison of median and recommended inflows to
minimize inflow while satisfying viability limits (EH&A 1980) or
satisfying all constraints (this study).

through the use of inflow constraints. Users of this model
can set the constraints so they are realistic in terms of
historical flows, or they can be set to any desired level.

The user of theTXEMP Model can set targets for
harvest offishery species to ensure that the legislative intent
of maintaining organism productivity is specifically ad­
dressed. Moreover, the p·rocedure requires the user to select
specific goals for estuarine management by specifYing objec­
tive functions for optimization. This forces specification of
species groups for which the estuary is being managed.

Harvest targets are selected by examining historical
harvest statistics and determining appropriate levek for
inclusion in the model. TIle harvest target information, as
well as the equations relating inflow and salinity, and inflow
and fishery harvest, are based on data collected over the last
20 to 25 years, which is specific to the estuary under study.
The procedu~etakes advantage ofthe stochastic nature ofthe
inflow-salinity and inflow-harvest equations in the analysis

. to provide a better definition of the risks involving tradeoffs
between harvest and water allocatiori.

This assessment method is multiobjective, which al­
lows the response of the harvest variables to be thoroughly
investigated over a range ofmanagerial options. The method
is modular and open-ended so that additional quantitative
relationships between inflow and production or constraints
can be added as additional information becomes available.

Results ofthe Guadalupe example analysis. Using the
TXEMP Model, an example analysis was done for the
Guadalupe Estuary. Ten example cases consisting ofdiffer­
ent combinations ofsingle species and groups ofspecies were
analyzed, although the most interesting and porentially
useful evaluations resulred from multiple-species runs. It
was clear that decisions concerning the selection of species
fOf management and the relative importance ofeach species
can strongly influence the inflow requirements. Needs of
individual species for fresh water compete in the TXEMP
Model, depending on the objectives for management. The
competition can be extreme, as in the case of black drum
whose freshwater inflow needs were in conflict with several
other groups.

Attempts to decrease risk in the harvest of estuarine
organisms by increasing the probability ofsatisfYing salinity

. constraints resulted in a narrowing of the range of feasible;
inflow solutions and a decrease in the predicted harvest. In
all cases, blue crab strongly dominated the harvest by weight.

In this example, neither the nutrient nor the sediment
constraints ever controlled the inflow amount. Overall,
inflowwas controlled bysalinityrequirements (upper bounds)
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in lower San Antonio Bay. The salinity limits in the upper
bay and in Espiritu Santo Bay did not control inflow
amounts.

Inflow requirements ranged from 0.9 to 1.5 million
acre-fr/yr, depending on the species and weightings among
the species. This is half to two-thirds of the inflow require­
ments that were determined in previous srudies that were
based on productivity maintenance goals. The miriimum
inflow requirement (0.9 million acre-fr/yr) from this analy­
sis is about 50% greater than was calculated by anoth.er study
that was based only on viability limits of estuarine organ­
Isms.

Circulation andsalinity modeL This section has also
presented results of a simulation ofcirculation and salinity
conditions in the Guadalupe Estuary from the TXBLEND
Model. The salinity values calculated by the model are
reasonable and the general patterns of salinity' distribution
are consistent with measurements taken there. In general,
the results from the TXBLEND Model" using optimal in­
flows show that salinities in the zones used for the regressions
do not substantially exceed the salinity bounds that were set
for the TXEMP Model analysis.
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CHAPTER 9: SUMMARY OF RESULTS AND
RECOMMENDATIONS

9.0 INTRODUCTION

Thepurpose ofthis chapter is to provide a perspective
about the effects offreshwater inflows on estuarine commu­
nities, and to summarize the findings and assessment meth­
ods that were presented in the preceding chapters and are
available to determine freshwater inflow requirements. A
series ofobjectives were defined in Chapter 2 for the Bay and
Estuary Studies. Section 9.1 will discuss how each objective
",as satisfied and what conclusions can be drawn about the
effects offreshwater inflow on salinity, sediment, and nutri­
,ent loading, and on maintenance of producrivity of fish,
sh~llfish, and other estuarine life.

Much ofthe information abour inflow, salinity; nutri­
ents, sediment, and organisms needed to _use the TXEMP
Model to estimate inflow requirements comesfrom combin­
ing and refining other types 9fdata to provide the necessary
equations and constraints for the analysis. Quantitative
r~~ationship~ or statistical values used in the method often
r~present hundreds ofdata points or the results ofcomputa­
tions from other models. Section 9.2 reviews the availability
of this type of information for other Texas estuaries,' and
provides suggestions about the kinds of data that must be
gathered or analyzed to allow this technique to be applied to
other estuaries. In a few instances, specific studies or research
efforts that are required to provide the needed information
are described.

Before the TXEMP Model can be used operationally,
there are a number ofdecisions thar must be made about the
ma:lagement objectives for each estuary. Some of these
decisions are technical in nature aI!d pertain to the manner
in which the assessment method is used. Other decisions,
however, have to do with basic management goals.concern­
ing the tYPes ofliving marine resources that ¥e desired, and
the availability of fresh water, nutrients, and sediment to

provide a suitable environment for their production. Sec­
tion 9.3 provides a discussion ofi:hese issues and identifies
some of the kinds of managerial decisions that will have to

be made by policy-making bodies before the assessment
technique can be applied to Texas estuaries.

9.1 SATISFYING STUDY OBJECTIVES

Eight objectives for the Bay and Est~aryStudies ~ere
defined in Chapter 2. The information resulting. from
projects that were undertaken to address these objectives has
provided the databases and methods proposed in this report
for assessing the freshwater inflow needs of Texas bays and
estuaries. It has also provided the foundation necessary to
realize the;five other post-study -9bjectives thar were also
identified in Chapter 2. The. specific means by wbich the
eight study objectives were satisfied are discussed below.

Objective 1: Compile Inflow, Hydrographic, and .
Biological Data

Inflow data. The freshwaFer inflow studies completed
at the end of the 1970's (TWDR 1980a, 1980b, 1981c,
1981 d, 1.981 e, 198~) presented hydrology data for the Texas
coast from 19;41 through 1976. This study has enended the
base of hydrology infprmation through 1987 for all of the
drainage basins from the Nueces Estuary through the Sabine­
Nech~sEstuary. The information in the hydrology data files
includesgaged and ungaged flows to the estuary as well as
direq: pr~cipitation and evaporation estimates.

In situ salinity and water quality measurements. In
1986, in situ recording instruments were ac;quired -and
placed in the Nueces, Mission-Aransas, Guadalupe,
Lavaca-Colorado, and Trinity-SanJacintoestuaries. In each
estuary, one of the instruments was located in the upper,
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freshwater-influenced region, while a second instrument
was located in the lower, marine-influenced region. In the
spring of1990, the instruments were redeployed to proyide
data from the Sabine-Neches Estuary and a wider area ofthe
Trinity-San Jacinto Estuary. The instruments measured
'temperature, salinity and conductivity, oxygen, pH, and, in
some instances, redox potential at an interval ofonce evety
one and one-halfhours. The data from these instruments as
well as other data from the TWDB, TPWD, TNRCC, and
Texas Department of Health have been combined to pro­
vide data for inflow-salinity regression equations and to

. provide a historical record of salinity in Texas estuaries.

Additional water qUlZlity and biological d4ta. Flow
and water quality data from intensive inflow studies in the
Lavaca-Colorado, Mission-Aransas, Nueces, .and Galveston
estuaries have been entered into computer files for analysis.
Five years ofwater quality samples at more than 90 stations
from the Laguna Madre to the Sabine-Neches Estuary were
collected to supplement routine monitoring data from the
TNRCC. These measurements included macronutrients,
chlorophyll, total organic carbon, turbidity, and conductiv­
ity. Data from this sampling program has been entered into
the Coastal Data System computer files maintained by the
TWDB. In addition, computer files containing original
data from cooperating universities and agencies that per­
formed studies under contract with the Bays and Estuaries
Studies program have also been obtained and stored.

Objective 2: Develop Circulation lind Salinity Models
for Texas Bays

Limitations ofexisting models. The circulation and
conservative transport (salinity) models prepared for the'
previous bay and estuary studies (TDWR 1980a, 198Gb,
1981 c, 1981 d, 1981e) provided a good first approximation
of water movement and salinity patterns that would be

. produced within the estuaries under various inflow regimes.
These models did have drawbacks, however. Because com­
putational power was limited and the models were run to
steady state to calculate net flows over a particular time
period of interest, the grid sizes, time steps, and areal extent
of the models had to be conservative. Only square or
rectangular grids could be used, and individual- grid cells
were quite large-one nautical mile square. Each cell in the
grid was significantly wider than the dredged channels,
natural' passes, and many other portions of the bays them­
selves. A number of assumptions about flows between
adjacent bay systems had to be made since it was not possible
to model several interconnected bay systems. Furthermore,
there was no possibility of running the models to simulate
periods as long as a year.

Improvementsfrom finite elementmodels. In the past
decade, there have been significant advances in the math­
ematical approaches to hydrodynamic modeling. Major
changes have involved the refinement of finite difference
models and the development of finite-element mOdels.
TXBLEND is a finite element model which provides so~e
distinct advantages over the earlier simulation models.
TXBLEND can use triangular elements (grid cells) which
are particularly adaptable to the bay's geometry, providing
the fine detail of flows in channels, passes, and around
islands. Not all of the elements must be the same size.
Smaller elements can be used to model flow in channels, and
larger elements can be used for open bay areas where fine
detail is not as important. Moreover, the element size can be
reduced so that one or more elements can fit within the
width of a channel. This provides greater accuracy in
simulating the details of water movement in these critical
areas. Overall, the finite element method substantially
improves the representation of system geometry and will
certainly improve the accuracy of th~ circulation and trans­
port simulation.

Recent advances in computational speed of small
computers and workstations, <J.nd decreases in prices of
hardware allow problems involving much larger grids to be
run in significantly less time than was possible a decade ago.
It has become possible to" 'run the models to simulate an
entire annual cycle so that salinity changes can be computed
and evaluated for the entire year. The initial application of
TXBLEND required the simulation of three estuarine sys- .
terns along the Texas coast that are interconnected by the
ICWW (Guadalupe, Lavaca-Colorado, and Mission-Aransas
estuaries). The Guadalupe Estuary has only a small direct
connection to the Gulf through Cedar Bayou; tidal fluctua­
tion depends on interconnection 'with Aransas Bay, Mat­
agorda Bay, and Pass Cavallo. Thus, simulation ofall three
estuaries as a group was necessary to determine the circula­
tion and salinity patterns in the Guadalupe Estuary.
TXBLEND allowed summationof the interflows back and
forth among the three systems,' which waS necessary for
calculating the nutrient budget of the Guadalupe Estuary.

Modellimitations. Like every model, TXBLEND has
its own set of drawbacks. Although it provides extreme
flexibility in preparing grids, much greater artention must be
paid to the details of the grid. In particular, mass conserva­
tion with the TXBLEND model near inflow paints is very
sensitive to the grid design. It is necessary to take great care
with the grid so that water mass is neither created nodost in
thecomputations. Nevertheless, the irriprovements in reso­
lution and accuracy of circulation parterns provided by the
finite elemerittechnique should improve the quality of
decisions made using the model results. A new version ofthe
Three-Bay model is available and will be used in the future.
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Objective 3: Evaluate Effects ofSalinity and Salinity
Change on Estuarine Plants and Animals

Freshwater inflow strongly influences'the salinity of
estuarine water; the magnitude and timing of inflow events
largely determines how rapidly and to what extent the
salinity decreases from freshwater dilution oftidal waters in
the estuaries. Estuarine plants and animals have different
degrees oftolerance to salinitychange. The discussion below
focuses on the effects ofinflow and salinity on zooplankton,
benthic organisms, and finfish and shellfish abundance. It
is difficult to divorce the effects of salinity on plants from

, consideration of primary productivity, so the effects of
. infl~w and salinity on phytoplankton and macrophytes are
reviewed in the discussion 6fObjective 6, effects ofinflow on
primary (plant) production.

The e/ficts 0/ salinity and inflow on zooplankton.
Estuarine microzooplankton and macrozooplankton are quite
euryhaline and can survive large changes in salinity levels
associated with freshwater inflows. Production oftintinnids,
which are part of the microzoopl~nkton, appears to be
particularly stimulated by freshwater inflows. Measure­
ments ofAcartia tonsa, the dominant macrozooplankton in
Texas eStuaries, also indicate that secondary production of
this species is stimulated by high inflows. Very large inflows
ii?to the upper portions ofestuaries change both the saliniry
of the water and the community of macTozooplankton;
freshwater forms are swept into the estuary, and estuarine
a~d marine forms are washed out.

.Several patterns emerge when zooplankton popula­
tions are analyzed on an annual basis. Except for very dry
periods with extremely low inflows, the abundance of
macrozooplankton appears to be higher in the more saline
portions of estuaries closer to the Gulf than in the upper,
fresher areas. Abundance of macrozooplankton is higher in
the winter and spring, and low,er in the summer and fall.

In the Nueces Estuary, a year with relatively high
inflow (about one bay volume per year) with respect to the
annual median (about one-half bay volume per year) re­
sulted in twice the abundance of macrozooplankton com­
pared to a year with very low inflow (about 0:1 bay volume
per year). The opposite pattern was se.en in Lavaca Bay and
the Guadalupe Estuary which had higher macrozooplankton
abundances in the years oflower inflow than in the years of
higher inflow. The low inflows to these two bay systems,
however, wete substantially higher on a bay volume basis
(3.5 and 5.5 bay volumes/yr, respectively) than the low
inflow to the Nueces Estuary. The high inflows to Lavaca
Bay and the Guadalupe Estuary were' much higher on a
relative basis (9 and 14.5 bayvolumes/yr, respectively) than
th~ high flow volume· seen in the Nueces Estuary. The

Lavaca and Guadalupe high flows were probablylarge enough
that macrozooplankton were displaced out of the estuary.
into the Gulf by the water movement, thus reducing the
abundance of macrozooplankton. The results suggest th;t.
macrozooplankton abundance is low at very low inflows, but
increases with inflow up to some maximum level probably
associated WIth the influence of the "washout" rate. Inflow
increases beyond this . point, however, carry
macrozooplankton out ofthe estuary faster than they can be
replaced through increased production. 'The inflow volume
producing the highest abundance appears to be between one
and six bay volumes pcr year. Just how reproduction and
grazing rates interact with inflow events is not understood,
although it is clear thaC they do influence zooplankton
density. .

Effects o/salinityandinflow on benthicorganismsand
processes. There i~ limited infotmation for Texas estuaries
about microbenthic animals, which include. bacreria and
protozoans. The little information available suggests that
high densities ofmicrobemhos are associated with periods of
high inflow, but not enough data is available to materially
substantiate this suggestion. We do not have enough infor­
mation to clearly characterize the abundance, biomass, or
productivity of this benthic group.

There seems to be a strong assoCiation between
meiobenthic animals and salinity. Under normal. inflow
conditions, total meiobenthic abundance is several times
greater in the more marine areas than in the fresher, river­
influenced areas. MeiofauIlal community structure is differ­
ent in the upper and lower bay regions. Nematodes are most
abundant at lower bay sites, while they represent a smaller
fraction at upper bay sites. Nematodes require high-salinity
environments. When the salinity declines as the result of.
large inflows, a surge ofjuvenile mollusk recruitment occurs
at upper bay stations. This offsets losses in the nematode
populations so total meiofaunal abundance remains about
the same. In lower bay areas, low salinities cause the
nematode populations to decline, but there is no simulta­
neous increase in other groups as there is in the upper bay
area. Consequently, the total meiobeJ!thic abundance de­
clines. .

From several discontinuous studies, it appears that
conditions eventually become favorable for meiofaunal popu~
lation increase as the salinity begins to rise. Meiofaunal
abundance remains high for week~ to: months, possibly the'
result of organic and inorganic material inputs accompany­
ing the large freshwater inflow events, which could provide

. food resources for meiofaunal populations. Eventually
meiofaunal abundance ~ecreases to lower levels. A defi.nitive
study covering several-years that have different inflow fre­
quencies is needed to substantiate this general pattern.
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The macrobenthic invenebrates of Texas estuaries
include many species which tolerate a broad range'ofsalini­
ties. Typically, benthic species diversity increases with
increaSing salinity within an estuary. But after comparing
results ofseveralstudies on various Texas bays, macrobenthic
abundance did not show a consistent trend with salinity.
High abundances have been found at locations with salini­
ties near marine levels and at low salinities. Total abundance
is influenced by a number ofbiotic and abiotic factors that
are not thoroughly understood. A conceptual model has
been proposed to explain the cycles and patterns ofbenthos
abundance in Texas estuaries based on responses to flood
and drought cycles, which seem to characterize the Texas
climate. Adherence to the model's response pattern has not
yet been confirmed.

Recycling inorganic nutrients is an imponant proceSs
in providing sufficient materials for high levels of phy­
toplankton production. Since all three benthic groups are
involved in the recycling ofnutrients from plant and animal
tissues and other pieces oforganic detritus that settle to the
bottom, it would seem that regeneration of nutrients from
paniculate organic materials would parallel the patterns of
abundance or biomass ofbenthic organisms. Unfonunately,
there is no good correlation for macrobenthic organisms,
and abundance and biomass information on micro- and
meiobenthic populations is inadequate to test the hypoth­
esis. While there is evidence that the magnitude and
duration of inflows may influence the level of regeneration,
it is unclear how it occurs. Multi-year studies capturing
several sequences of high and low inflow, abundance and
biomass measurements ofall three benthic components, and
benthic and water column regeneration are needed to fully
establish the·functional relationship between inflow and
nutrient regeneration.

, Finfish and sheUfish abundance with respect to salin­
ity regime. Texas bays and estuaries vary greatly in salinity,
freshwater inflow, evaporation rate, and habitat type. Much
of the difference in fish abundance among estuaries may be
attributed to differences in inflow quantities, saliniry re­
gimes, habitat characteristics, or some combination of these
factors. In sections 6.2 and 6.7 of this repon, we examined
the relationship between the relative abundance of several
fish and shellfish species and the salinity regimes of Texas
estuaries. Total catch for each species by trawl, gill net, or
bag seine was converted to catch per unit effon (CPUE) and
averaged monthly. The CPUE's were then tested for differ­
ences among estuarine systems in one model, and regressed
against mean estuarine salinity or salinity regimes within an
estuary in another model. No relationship between estua­
rinesalinity and gill net catch was detected for any large adult
or subadult fishes. Several smaller fishes and shrimp, caught
in otter trawls, were selective for salinity regime. Of the

animals captured in the trawl, blue crab (Callinectes sapidus), .
brown shrimp (Pmaeus aztecus), and southern flounder
(Paralichthys kthostigma) preferred coastal estuaries with
mean salinities of 17 to 210/00. White shrimp (Penaeus
setiferus) and Gulf menhaden (Brevoortia patronus) favored
less saline estuaries such as Galveston Bay (150/00 salinity);
pinfish (Lagodon rhomboides) selected higher salinity re­
gimes such as Corpus Christi Bay (310/00 salinity); and
Atlantic croaker (Micropogonias undulatus) reached highest
abundance when mean salinities were between 20 and 30%0.
Bag seine data from the Guadalupe Estuary agreed with this
conclusion and provided evidence that alteration offreshwa­
ter inflow may significantly change relative fish abundance
among estuaries and the 106.l fish distribution within an
estuary.

Objective 4: Assess Water Quality Trends

This objective concerned water quality in the estuaries
in the form of trends over the past two decades, and the
relationship of dissolved nutrients' in estuarine waters to
inflow conditions. In this repon, the f~cus ofwater qualiry
analyses was on the loading and concentrations of nitrogen,
phosphorus, and organic carbon, which are major nutrients
fueling the productivity of the estuaries.

Effect ofinj'UJwon estuarine nutrient concentrations.
The relationship between nutrient concentration and inflow
was examined statistically for the Guadalupe Esmary and
graphically for five mid-coast estuaries. Under all inflow
conditions, higher nutrient concentrations were found in
the upper reaches ofthe estuaries, near river ~ouths. During
periods of inflows higher than median levels, areas of high
nutrient concentrations appear in middle regions of the
estuaries. There is also some evidence of U outwelling" of
nutrient-rich waters into the Gulffrom the passes at Bolivar
Roads and Aransas Pass during' these high inflow periods.
Lower bay areas near the barrier islands, however, may not
show a marked increase in nutrient concentrations as inflows
increase. Concentrations of nitrogen and phosphorus in
Texas bays are usually above the threshold levels at which
primary production would be limited.

Nutrient trends in the Guadalupe Estuary. Trends in
concentrations of nitrogen, phosphorus, and total organic
carbon during the 1968 to 1987 period were tested for the
Guadalupe Estuary. The patterns were not consistent over
the estuary. While there has been a trend of increased
concentrations in the Sail Antonio River contributing to'the
estuary, dissolved inorganic nitrogen concentrations'in mid­
San Antonio Bay and pans of the lower' estuary have de­
creased. Conversely, total phosphorus concentrations have
increased in the estuary, while not showing an increase in the
Guadalupe or San Antonio rivers. Concentrations of total
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organic carbon have also decreased in the estuary over this
period. .

AdeqUIUJ ofestuarine n,!-trient supply. Texas estuar~

ies are moderately to well-supplied with nitrogen, phospho­
rus, and total.organic carbon from drainage basin sources.
The T riniry-San Jacinto and Guadalupe estuaries receive as .
much ofthese nutrients on an annual average as estuaries on
the East Coast, which have developed symptomsofeutrophi­
cation.' River sources provide the largest share ofnitrogen to
the Guadalupe Estuary and to upper coast estuaries, while
direct rain, rainfall runofffrom local watersheds, and waste­
water discharges contribute the largest portion of nitrogen
for estuaries of the lower Texas coast (Mission-Aransas and
Nueces). The ratio of phosphorus to nitrogen of nutrient
loads entering Texas estuaries suggests that nitrogen is more
likely to be important in controlling primary production
than phosphorus.

Fate ofnitrogen in the Guadalupe Estuary. Nutrient
budget calculations for the Guadalupe Estuary showed that
the estuary exported 30 to 33% of incoming nitrogen to
neighboring bays or the GulfofMexico. Losses ofnitrogen
to fisheries harvests, denitrification, and burial, however,
could approach 50% of incoming nitrogen in a dry year,
versus less than 20% of incoming nitrogen in a year ofhigh
inflows. During a year of high inflow, therefore, the
Guadalupe Estuary may store a significant proportion of
incoming nitrogen, which could be recycled in later years to
support primary productiviry.

Objective 5: Determine Effects of Inflows on River
Deltas and Bay Sedimentation

AvailAbility of information. There is a substantial
amount ofinformation on the suspended sediment load for
the Sabine, Neches, Triniry, Colorado, Lavaca, Guadalupe,
San Antonio, Mission, and N ueces rivers from data collected.
by the TWDB and the USGS. While the data sources for
suspended sediment load are ample, there is basically no
information about bedload transpo.rt in the same rivers.
This is a significant information gap, since the coarser
fractions ofsediment play an especially important role in the
development of river banks, levees, and bars in river deltas.

, Discharge-suspendedsediment loadrelAtionships. Due
to the availabiliry of suspended sediment data and good
stream discharge information, quantitative relationships
between monthly.streamflow and monthly suspended sedi­
ment load posed no problem to prepare. The relationships
can be. used to estimate suspended sediment load under a
wide range of inflow conditions.

Graphic analysis through cumulative maSs curves of
suspended sediment load and inflow for several river systems

showed ti~es in the recent past when the trend ()fsuspended
sedi~.ent l?aq t~ the.esruaries changed.4r~mati<;ally, R~duc­

tion in sediment ~oad occu~re4. immediat~ly:aftr:.r..~omple­
tion ofLake Livingston on the Trinicy River (12,9,8).; Req.u,c- .
tions in sediment load on some other riyers wer~l')-()t,closely

linked in time to the construction of reservoirs'over the
period of record, although a n~~be;::.9f;~aj~r.r~~rvqir.
projects.predate the period over which sllSpe.nded sediment
information is available. Sediment load reductions fOf the
Lavaca, Guadalupe, and San Antonio rivers. occurred .in
1958, a year after the end ofa three-year drought. Reduction.
in sediment load occurred on the N ueces River in 1972,14
years after the construction of Lake Corpus Christi and a
decade before the completion of the Choke Canyon Reser-. .
vOir.

From sparse data, it appears that the Mission River
had a reduction in sediment load in the 1980's, while the
Colorado River may have had an increase during the same
time period. The Neches River had an increasing trend in
sediment load from 1%0 to about 1980, followed byaslight
decrease. The Sabine River had no trend from 1974 through
the early 1980's, although a slight decrease appears to have
occurred in the last few years of data. Changes in sediment
load that do not correspond with any natural or water
resource development event may have resulted from shins in
land use activities such asagriculrural practices that cannot
be attributed to a particular date.

Effects ofinflow on river delta andbay sedim'entation,
Through the use of aerial photographs spanning several
decades, it was possible to document decreases in vegetated
areas and increaseS in open-water areas in some river deltas
of Texas bays. While changes in delta areas can be easily
identified, it is not yet possible to quantitatively relate these
changes to decreases in suspended sediment load. No
general analytical m~el exil!ts yet that relates the aerial
extent of deltas or vegetated areas with the sediment load.
Until such a model is available, and until mpre extensive and
accurate measurements of bathymetry, sediment thickness,
relative sea-level rise, sediment transport, compaction,
progradation, and aggradation are made, it will be difficult
to produce more than a qualitative judgment of the effects
that changes in sediment load will have on river deltas and
bay sedimentation.

Sediment loads in the Nueces,. Lavaca, and Triniry
rivers appear to be strongly influenced by upstream land uses
and water resource developments. While sediment loads to
the river deltas, have been reduced for each ·of these river
systems, the. effeCts of the reductions are complicated by
ot,her factors iI:lcluding relative sea-level rise,local geologic
changes, levee and canal construction, and upstream agricul­
tU!al practices.. Tht: areas, of t\:1e Nueces and Triniry rivers'
deltas have declined as the result of reduced sediment load.
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Lavaca Delta area decreases predating Lake Texana may have
b'een exacetbated by othet factors, but the recent completion
of the reservoir may contribute to more extensive and
accelerated delta submergence. Changes in the Guadalupe
Delta are probably due to the natural delta growth and decay
cycle, and not to the effects ofany upstream water resource
developments. This delta is still actively developing, al­
though the focus of deposition is now on Mission Lake
rather than on the old lower delta. The sediment load in the
Colorado River has b~en greatly reduced by the construction
ofthe highland lakes, but sediment continues to be delivered
to the Colorado Delta and will continue to accumulate as the
diversion project at the mouth of the Colorado directs river
flow into the eastern arm of Matagorda Bay.

Objective 6: Evaluate the Effects ofFreshwater Inflows
on Estuarine Primary (Plant) Production

The assessment of the effect of salinity on esruarine
plants, which was stated in Objective 3, is included in the
discussion below. In addition, analyses ofother freshwater
inflow effects ~n plant production besides salinity, such as
light·limitation {turbidity}, inundation, nutrient loading,
and biogeochemical cycling of essential nutrients, are pre­
sented.

. Effects on phytoplankton communities. In Section
5.1, the c~nclusionwas reached that no clear relationship
between phytoplankto~ and salinity could be established
from existing studies. Based on regression analysis ofdata for
several different baysystems, inflow rates versus chlorophyll­
a did not show a simple relationship. For the Nueces Bay
system, salinity levels explained only minor amounts of
variation in chlorophyll levels, while light availability in the
water was the best predictor of phytoplankton biomass. In
studies of the. Guadalupe and Nueces estuaries, nutrient
input, especiallyofnitrogen, was considered alimiting factor
on phytoplankton growth. The relationship between fresh­
water inflows and phytoplankton production in the T rinity­
S~ Jacinto and Laguna Madre estuaries can best be termed
paradoxical. In both cases, comparably high rates of phy­
toplankton primary production occur, although the Trin­
ity-San Jacinto has high inflow rates and turbid waters, while
the Laguna Madre has low inflows but much higher water
clarity. Much research is still required to fully understand
the effects offreshwater inflows on estuarine phytoplankton
community dynamics.

Effects on input oforganic material to bays. Review
ofexisting data on input dynamics in Section 5.6 led to the
conclusion that delta marshes of Texas bays were not un­
usual by demonstrating inconsistent patterns of material
movement into bays. Most transport was hypothesized to
occur during major storm. or flood events rather than on

normal tidal cycles, and such episodic transport has been
difficult to measure. Carbon tracer studies using stable
carbon isotope ratios provided evidence that the Gliadalupe
River carries organic matter from terrestrial sources into San
Antonio Bay. The corresponding process of rransportof
delta marsh carbon into bays could not be adequately
determined due to the overlap in carbon isotope values of
upland and marsh plants. The terrestrial carbon distributed
throughout the San Antonio Bay system by riverine inflows
was traceable in food webs to economically important fish
and shellfish species. This was in contrast to the Nueces
Estuarywith its low freshwater inflow, where phytoplankton
and seagrasses were more important carbon sources. Al­
though riverine transport of terrestrial carbon was demon­
strated by some studies, the quantitative significance of this
carbon to bay carbon budgets still remains undetermined.

Effects on submerged and emergent vegetation. Re­
quirements of estuarine-rooted vegetation for specialized
inundation cycles arid salinity, nutrient, and sediment load­
ing regimes controlled by freshwater inflows or local bay
processes were reviewed in Section 5.2. Emergent halo­
phytic vascular plant communities in Texas bays were con­
sidered more affected by water level variations {inundation
cycles} than by salinity changes of the tidal waters. This
reflects their fundamental requirements as aquatic plants for
moisture, and secondly, their wide rolerance as halophytes to
salinity variations which occur in the dynamic estuarine
environment. The species mosr susceptible to freshwater
inflow alterations were identified as sensitive marsh specieS
occurring in the freshwater- to low-brackish delta areas of
estuaries· such as the Guadalupe Estuary. Plants such as
bulrushes {Scirpus spp.}, cattails (Typha spp.), water hya­
cinth (Eichhomia crassipes), and arrowhead (Sagittaria spp.)
are restricted to this low sali"nity zone near the river mouth
and depend on proper flooding from freshwater inflows to
maintain the unique combinations of hydroperiods, low
salinity, and nutrient-laden water. Inundation in the lower
portion of bays is accomplished by tidal cycles with higher
salinity waters, but this water must still supply the marsh
with sufficient sediment and nutrient loads from freshwater:
inflows.

Submerged vegetation, ~epresented by water nymph
(Najas guadalupensis) and widgeongrass (Ruppia
maritima)from low~salinityregions (0 to 100/(0) or seagrasses
in higher-salinity regions (15 to 35%0), presents a unique
case for estuarine vascular plant management. The sub~

merged growth habit ofthese plants makes them susceptible
to ecological limitations by water clarity and light availabil­
ity. While water turbidity is a major factor contributing to
this light limitation, the sources ofturbidity and other light­
attenuating material in bay waters are complicated. Local
conditions (wind, sediment types, local runoff) are difficult
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to differentiate from freshwater inflow-induced effects.
Nutrients supplied in· freshwater inflows or other sources
also pose, a potentially deleterious factor due to excess
nutrient-loadingwhich canstimulate phytoplankton blooms
or overgrowth ofepiphytes attached to seagrass leaves. This
mechanism, proposed as a serious problem for sl1bmerged
vegetation and maintenance ofseagrass beds, requires more
documentation in Texas bays.

Objective 7: Develop Statistical Harvest-inflow
Regression Equations for Commercial Fisheries

, Data andmethodofanalysis. Harvest data for several
commercial fishery species [white shrimp, brown shrimp,
blue crab, eastern ,oyster (Crassostrea virginica), and, black
drum (Pogonias CTomis) were available through 1987. Com­
mercial harvests of spotted seatrout (Cynoscion nebulosus)
and red drum (Sciaenops oce/latus) ceased in 1981 when these
species were declared to be state gamefishes. For shrimp,
there were 29 years ofcommercial harvest data, and for most
of the other species, 26 years of information. Regression
analyses were performed using harvest as the dependent
variable and freshwater inflow, air temperature, and fishing
effort as the independent variables; separate analyses were
done for gaged streamflows and combined freshwater in­
flows. The inflowvolumes were represented in the equations
as seasonal (rwo-month) inflows which were antecedent to
the harvests. The inclusion of seasonal inflows provides a
measure of biological realism by representing a potential
,interaction berween inflows and the physiological state of
the animals at different times in their life cycles. Particular
attention was paid to the statistical procedures and the
selection of the "best" regression equation.

Equations. The fishery analysis included all seven
species for the Trinity-San Jacinto, Lavaca-Colorado,
Guadalupe, Mission-Aransas, and N ueces estuaries, although
only a subset of these equations has been presented in
Chapter 6 of this report. Equations for all species from the
Guadalupe Estuarywere presented, and comparisons among
white shrimp, blue crab, and spotted seatrout were'made
with equations from, all five of the estuaries. The 26
regression equations presented explained an average 69% of
the harvest variance (range 44 to 90%). While the statistical
equations alone cannot establish biological cause and effect
connections, they do represent the quantitative character of
the relationships that exist berween fishery harvest and the
environmeinal variables tested.

Objective 8: Develop Methodology to Define Objec-
.tive Fun,ctions and Constraints for Use with Optimiza­
tion Procedures .

Development of the Estuarine ·Mathematical Pro­
grammingModeL A new optimization model (TXEMP) for

determining inflow requirementswas created with a humber
ofadvancedfeatures. The model isa nonlinear, multiobjective
mathematical programming (optimization) model which
can incorporate the statistical uncertainty of the relation­
ships berween inflow and salinity or inflow and fisheries
harvest through the use of chance constraints. Harvest is
used as the measure ofsystem productivity that indicates the
response ·of the biological community to the hydrologic
regime. Other measures of productivity could bl: used as
well where a relationship berween the indicator variable and
inflow or salinity is found. The model has six objective
functions that can be used Jor optimization: minimize or
maximize inflow, minimize or maximize harvest, maximize
probability of achieving salinity constraints, and maximize
probability of achieving harvest targets.

The establishment of a salinity gradient throughout
the estuary is taken into account in this mo~el by including
area-specific inflow-salinity regr<;ssion equations and salin­
ity constraints for different regions of the estuary, The
salinity-inflow regression equations contain the essence of
the spatial relationship ofthe gradient, and their use assumes
the historical distribution from the specific infl~w source
locations.

The model is hydrologically and biologically realistic
since users must include constraints on inflows that are,based
on historical inflow patterns and constraints on harvest levels
that reflect historical yields. The model also includes consid­
eration of nutrient and ~ediment loading as minimum
inflow constraints. This is consistent with legislative re­
quirements for state water rights permits. .

Presentation of an exAmple analysis. An example
analysis using this model was presented for the Guadalupe
Estuary. The prototype analysis uses real data b,ut presumes
a number ofmanagement objectives and policy decisions for
the purpose of illustrating the methodology. If the model
were being run for an actual water rights permit analysis, the
objectives and policy decisions would have to be set by
governmental permitting and resource management au­
thorities. The example shows results for each species by itself
and for several different weightings of species. From these
results, it is possible to see the conflicting requirements for
infl~w of individual species and to note the effect of the
various weighting schemes. The analysis examines one case
in depth, showing how different probability levels fo.r meet­
ing salinity constraints affect the harvest-inflow perfor­
mance curves, and examines the sensitivity of the results to
various bounds in the model.

Conclusions about the Effects of Freshwater Inflow

Freshwater inflow has a significant influence on many
components ofestuarine ecosystems. It is a strong determi-
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nant of salinity and materially influences the input and
distribution of nutrients throughout the bay. Years with
high inflow probably have the important effect ofproviding
nutritive materials that are stored in bay bottoms,~ to be
processed and used later to maintain estuarine productivity
during periods of lower inflow. '

Freshwater inflow transports suspended sediment and
is responsible for building deltas and maintaining habitat
structure. T eriestrial organic material carried by river flow
is distributed throughout estuaries that have moderate to
large inflows. It is not clear whether carbon produced in
river delta wetlands is transpotted into the estuary by fresh­
water inflow at any time except during flood conditions.

No obvious relationship has been shown between
freshwater inflow or salinity and phytoplankton production
or abundance. Light availability for photosynthesis appears
to be a better simple predictor than inflow. Marsh plants are
more affected bywater level and soil moisture than by inflow
or salinity, which shows the wide osmotic tolerance of
halophytic marsh plants. Some fresh and brackish emergent

, species and a few submergent species are susceptible to
elevated salinities, but most of the seagrasses prefer higher
salinities. Submergent vegetation is very sensitive to light
availability in turbid bay waters. Thus, high levels of
turbidity carried by inflows, or "shading" by phytoplankton
blooms or heavy epiphyte overgrowth resulting from too
high levels of nutrients in inflows, may limit the growth of
submerged plant species.

The abundance of zooplankton appears to be related
to freshwat~r inflows. In general, zooplankton abundance is
greater in the more marine areas than in river-influenced
areas. There seems to be a stimulatory effect of inflow on
zooplankton production, while high inflows transport zoop­
lankton out of the estuaries to the Gulf. Since these are
opposing processes, there appears to be a balance point of
maximum zooplankton abundance that is a function of
inflow.

Meiobenthic species are typically more abundant in
the higher salinity regions of estuaries. High inflows de­
crease this abundance and alter the community structure in
both high- and low-salinity arC'dS. Macrobenthic species
abundance is affected by inflows, but simple plots ofbenthic
abundance versus salinity do not reveal a clear relationship.
A proposed mechanism of control of macrobenthic abun­
dance by inflow still awaits testing. Benthic organisms are
instrumental in the regeneration of nutrients from particu­
late organic materials on the bay bottom; while there is some
indication that elevated levels of regeneration are linked to
inflow events, this also awaits definitive testing.

From trawl and bag seine stud.ies, the abundance of­
smaller finfish, shrimp, oyster, and crab is selective with
respect ro salinity. Thus, alterations in freshwater inflow
would directly affect their distribution and abundance in
Texas estuaries. The abundance of many 'adult finfish
collected by gill nets did not indicate a relationship between
abundance and salinity. Therefore, changes iIi inflow would
nor have direct effects on the abundance of adults of these
species, although it could indirectly influence their distribu­
tion through changes in their habitats. There does not
appear to be a relationship between inflow and rhe transport
of larval organisms from the Gulf to the bays.. However,
there is a very clear relationship between salinity and both
metabolism and reproduction. Salinity extremes from very
high or very low inflows require additional metabolic efforr
for osmoregulation and body maintenance. In addition,
there appear to be optimal salinity levels for adult ovarian
growth, egg fertilization and embryological development,
hatching, and larval survival. For species that reproduce
within rhe estuary, altered freshwater inflows may strongly
influence reproductive success.

9.2 INFORMAHON NEEDED TO APPLY THE
METHODOLOGY TO OTHER ESTUARIES

Introduction

In the development of the TXEMP Model and the
application to the Guadalupe Estuary; a minimum set of
information and results from other models was needed to
provide the equations and constraints for the example analy­
sis. Information types were selected to be responsive to the
'legislative requirement that beneficial inflows, computed by
the assessment methodology, must ptovide a salinity, nutri­
ent, and sediment loading regime that is adequate to support
an environment in which the productivity of several differ­
ent fishery species is maintained: TXEMP directly addresses
these legislative requirements by incorporating information
about salinity bounds for communities of organisms in
specific estuarine areas throughout the year, as well as annual
minimum nitrogen and sediment loads for the estuary.

Assuming the same minimum set of information is
needed to apply the assessment technique to the other
estuaries, this section discusses the status ofthis information
for each major estuarine system. Table 9.2.1 shows the
overall status ofdata for the seven major Texas estuaries that
contain large bays or lagoons as of June, 1994. Three
additional estuarine systems exist on the Texas coast: the
Brazos River, the San Bernard River, and the Rio Grande.
All are river estuaries that open directly into the Gulf of
Mexico. While estuarine species are found in the tidal
regions ofeach river estuary, the habitat area for the produc-
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Table 9.2.1. Status of data files and information other than policy decisions needed [0 apply method [0 other Texas estuaries.

Estuary

Information Laguna Nueces Mission~ Guadalupe Lavaca- Triniry- Sabine-
topic Madre Aransas Colorado San Jacinto , Neches

Hydrology ..j ..j ..j ..j

update from Updatewith Update with
1977-1987 Color~do River Christmas Bay

diversion

Sediment l~ading In In
progress progress

Hydrodynamic and 3-bay 3-bay 3-bay, ..j

cons~rvative detailed model
transport model in progress

Inflow-saliniry ..j ..j ..j Data
regressions compiled

Nutrient balance Loading data Loading data ..j In
I

'I

compiled compiled progress

Fishery. equauons ..ja '/a ..ja ..ja ..ja Inadequate
fishery data

Areal distribution of ..jb ..jb :-Jb ..j ..jb ..jb

wetland types

Inventory of
consumers by area ..j ..j ..j ..j

Abundance of Partially ..j ..j

major consumers complete

a Equations are based on fishery-dependent data instead of fishery-independent sampling methods.
b Generalized floral assemblag~ or wetland maps, nor detailed with respeer [0 species distribution ~r abundance.

tion of estuarine species is only a small fraction of the bay­
bonom and wetland areas associated with the seven major
estuaries. Consequently, the development ofan assessment
technique has focused on the seven large estuarine systems
rather than the smaller river estuary environments. Compa­
rable data for the three river estuaries is very sparse, so several
years ofintense data collection would be required ro provide
the same degree of understanding of salinity, nutrients,
sediment deposition, and productivity.

The second part ofthis section addresses information
beyond the minimum required ro operate the assessment
technique. While these other types of information are not
absolutely necessary ro use the methodology, they would
expand it by including additional expressions of pr6ductiv­
ity and other ropic areas that are appropriate for estuarine
management.

Information Necessary to Operate the TXEMP Model

Hydrology. The hydrological data needed to apply the
TXEMP Model ro the remaining major estuaries in Texas
consists of hisrorical freshwater inflow estimates for each
estuary. These data are used to compute basic inflow
statistics such as mean, median, and percentile inflows that
are used as either targets or bounds for rhe oprimi7..arion
solution. Furthermore, daily freshwater inflows are used to

establish statistical relationships between salinity and fresh­
water inflow, and.momhly freshwater inflows are used to

relate fish harvest to inflow.

Monthly freshwater inflows have been compiled for
the Nueces; Mission-Aransas, Guadalupe, Lavaca-Colorado,
Trinity-San Jacin'ro, and Sabine-Neches estuaries for the
period 1941 to 1987. Daily freshwater inflows, based 'on
gaged, diversion; and return flow measurements and ungaged
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model simulations, are available for the same estuaries for the
period 1977 through 1987. Daily freshwater inflows used in
inflow-salinity regression equations, based on gaged mea-·
surements, ungaged model simulations, and estimated di­
version and return flows, are available for the period 1960
through 1976 for the Nueces, Mission-Aransas, Guadalupe,
and Lavaca-Colorado esruaries.

Both monthly and daily data are now available for use
with the estuarine programming model. Since this freshwa­
ter inflow data were compiled, the U.S. Army Corps of
Engineers has constructed the Mouth ofthe Colorado River
Project which diverts river discharges into Matagorda Bay.
This project will alter inflow statistics as well as the salinity
structure in Matagorda Bay, and may render current rela­
tionships inadequate for determining inflow needs. In light
ofthis new construction, freshwater inflow estimates, salin­
ity-inflow relationships, and harvest-inflow relationships
will need to be re~calculated for. the Lavaca-Colorado Estu­
ary" It may not be possible to establish these relationships
until sufficient data have been garhered over a period long
enough to determine the full effect of the diversion on
inflows"salinity, and harvest. In a cooperative effort with the
.TWDB, TPWD, and TNRCC, the Lower Colorado River
Authority (LCRA) has undertaken the development and
analysis of much of the information needed to run the
TXEMP Model for the Lavaca-Colorado Estuary. They are
currently extending the hydrology database from 1988
through 1992.

For the Laguna Madre Estuary, only monthly fresh­
water inflows are currently available for the period 1941 to
1976. Extension of the Laguna Madre freshwater inflow
database through 1994 will probably not begin until late
1996 pending publi<;ation of gaged inflows by the USGS.
Other future work includes the development of hydrology
data for Christmas Bay, a recently designated coastal pre­
serve on the southwest end" of the Ttinity-San 'Jacinto
Estuary.

Sediment /oadingrequirement. Several possible man­
agement objectives could be used to quantify a sediment
loading regime adequate to maintain an ecologically sound
environment in Texas bays and estuaries. The most encom­
passing objective would be to satisfy the sediment require­
ment of an entire estuarine system, so adequate material
could be delivered and the estuary would retain its current
physical form. Unfortunately, knowledge about relation­
ships between sediment loading and the many aspects of
sediment transport, accretion, and erosion in estuaries are
too incomplete to allow quantification of these relation­
ships. Preliminary measurements ofdelta aggradation have
been made in the Colorado and Trinity deltas; areal extent
comparisons based on photographs have been made for the

Nueces, Guadalupe, Lavaca, Colorado, San Jacinto, and
Trinity deltas (White and Calnan 1990a, b). While these
studies provide a good start for determining the extent of
change ofsomeofthe delta areas, additional efforts involving
direct measurement ofaggradation through time, and areal
change from photographs, are required to provide an empiri­
cal relationship between inflow and delta area, volume, or
elevation. For future estuary studies, we can assume that
some measure of delta change-aggradation or areal ex- .
tent--could be related ~o sediment load carried by the rivers.

Currently, the major deficiency is a lack ofa generally
,acceptedsimple relationship defining the influence ofinflow '
or sediment load of rivers with the maintenance of bay­
bottom bathymetry or wetland habitat. Costanza et al.'
(1990) prepared a spatial modeling system to relate habitats
(termed ecological landscapes) with water flow, sedimenta­
tion, ptimary production, organic maner, turbulent
re,suspension, and subsidence. This model may be appli­
cable to the sediment loading problem, although it might
require considerable modification ofsome of the underlying
relationships to account for differences in habitat types. The
model would require extensive data gathering, calibration,
.a~d ~esting. While it might provide a long-term solution for
s.epiment loading analysis, the extensive effort needed fot
testing and calibration may be premature given the pauciry
of information aboUt sediment transport, deposition, and
resuspension in Texas estuaries. A more empirical method
will have to serve until adequate information is available for
a modeling approach.

In the example analysis in Section 7,5, we determiried
the sediment needs for various portions of the Guad~lupe

Estuary delta. The final estimate was made on the basis of
a small, well-defined area (Mission Lake) where it was c1ea~

that river flow provided the sediment for maintenance of
bathymetry. The peculiar circumstances of the Guadalupe
D~lta and Mission Lake allowed a simple analysis for deter­
mination of the requirement. The decision to limit the area
under consideration was made as a practical matter, so the
analysis could go forth; the requirements for sediment
throughout the rest of the estuary were discounted because
ofthe need for a bounded area in which depth change could
be estimated. In effect, this was a policy decision based on
knowledge of the limitations of available information. Per­
haps the responsible policy-making bodies (Section 9.3) will
provide additional guidance in the future about the areas on
which tp focus sediment loading analyses, since estimates for
the whole estuary are not yet possible. Based on knowledge
from available information on the value ofhabitats that may
be affected by sediment loading, we believe that focusing
attention on maintenance ofthe delta wetlands is appropri-

. ate. However, the decision on how to define the area ofan
estuary in which the inflow-sediment relationship is based
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will strongly influence the methods used to estimate the
loading requirements.

Assuming that maintenance of or increase in existing
delta areasis a suitable objective, a conceptual framework for
asimple analysis involves two steps: selecting the appropriate
delta areas on which to focus the analysis, and determining
the details ofhow to relate river flow or sediment load to the
extent, elevation, or volume ofthe selected area(s). This type
of analysis will require several years to complete since there
are very few direct measurements of aggradation currently
available, and new measurements will have to be collected ,to
represent an adequate time span so that change can be
detected, anc:l a range of inflow conditions experienced.. It
may be possible to collect additional areal extent information
from historical aerial photographs to provide more data
relating delta area and inflow.

There are many complications to successfully com­
pleting the second step of this conceptual plan, most of
which involve inadequaciesofthe available information. For
example, historical data for sediment load in Texas includes
only suspended sediment (Section 4.4 and Holley 1991), so
it may be difficult to relate sediment load carried by rivers to
aggrading or accreting areas in which sand, largely carried as
bedload, is an important constituent material. Some experts
suspect that most sediment transport in the deltas is episodic,
coinciding with storms such as hurricanes, or with major
floods (Gross et al. 1978; Milliman and Meade 1983; White
and Calnan 1990b). The effect ofepisodic events compared
to more normal f1~wswill have to be evaluated. Thete are no
measurements of the contribution of ungaged areas to sedi­
ment load; consequently, current estimates ofsediment load
to the estuary may be low. Compaction of newly deposited
material along with general subsidence in the area and sea­
level rise (White and Calnan 1990b) may complicate the
analysis significantly. And, human activities in the area, such
as. dredging or constrl,lction,. may overwhelm or disguise
steady geologic processes that workover long periods oftime.

TWDB staff in conjunction with researchers from the
Bureau ofEconomic Geology ofThe University ofTexas at
Austin, and the U.S. Geological Survey in Denver, Colo­
rado, are currently working on a method to relate river flow
with delta deposition. Cores.are used to date short incre­
ments in the top meter of deposits from the Trinity and
Lavaca delta, using naturally occurring radi~is6topesoflead,
cesium, and beryllium. This provides estimates of rates of
deyosition over short time spans (months to years). An
analytical procedure is being developed to relate these depo­
sition rates with the historical flow patterns of the river.
Isotope measurements are complete for the Trinity. Delta,
and analysis is under way to relate the sediment accumula­
tion with river flow. Cores have been collected from the
Lavaca Delta and are currently being analyzed.

A comprehensive program is needed to look at the
quantity and quality ofsediment carried by the rivers to the
deltas, the transport and distribution of sediment in the
deltas, the effect of episodic events on the deltas' sediment
movement, and other sediment sources, sinks, and forces
(other than inflow) that may carry sediment to or from the
deltas. Since formation and maintenance ofdeltas is part of
a larger picture of sediment processes within an estuary,
including shoreline erosion, it would be reasonable to make
delta maintenance studies part of a larger effort on under­
standing the movement of sediment. in the estuary as a
whole.

Hydrodynamu and conservative transport model A
Three-Bay simulation model encompassing the Mission­
Aransas, Guadalupe, and Lavaca-Colorado estuaries using
the TXBLEND hydrodynamic and conservative transport
model has been presented in this report. Application of a
hydrodynamic model is an important component in the
freshwater inflow assessment methodology because it sup­
plies essential information for calculating the nutrient bud­
get (needed for serting the nutrient constraint) and it pro­
vides a necessary check on salinity levels computed by the
TXEMP Model. The Three-Bay Model was calibrated using
1988 field survey data; a technical report describing the
calibration and application of the model will be prepared.

Afrer calibration, a question was raised regarding
TXBLEND's treatment ofthe conservation ofmass. Under
some circumstances a portion ofinflow, especially ifit is very
small or very large, can be lost at the inflow point ifthe finite
element grid is too coarse. The problem is usually resolved
by further refinementofthe grid. In addition, theTXBLEND
model has been revised to minimize this problem and testing
of the revised version is complete. The TWDB intends to

continue to improve existing hydrodynamic models and to

investigate others, including three-dimensional models, to

provide the best available models for calculation ofestuarine
circulation and salinity.

With regard to the modeling status ofother estuaries,
field studies have been undertaken in all estuaries to .allow
calibration ofhydrodynamic and transport models, al though
additional data may need to be collected for refinement of
the models and for verification. Finite element grids have
been prepared for all seven estuaries, and preliminary model
runs have been made for the N ueces and Lavaca-Colorado
estuaries. Calibration of the Trinity-San Jacinto Estuary
model is nearly complete. The LCRA is currently calibrating
the model for the Lavaca-Colorado Estuary. Calibration has
not been started for the Sabine-Neches, Mission-Aransas,
and Laguna Madre est~aries.

biflow-salinity regression equations. Regression equa­
tions predicting salinity as a function of freshwater inflow

335



have been completed fot the Nueces, Mission-Aransas,
Guadalupe, Lavaca-Colorado, and Trinity~SanJacinto estu­
aries. Data compilations needed to calculate salinity-inflow
relationships are complete for the Sabine-Neches Estuary,
but not fOt the Laguna Madre. Experience in using the
equations in the optimization model has indicated that
additional attention should be given to the selection of
particular bay areas to represent the estuary's salinity gradi­
ent (refer to figures in Section 4.1). In addition, the
possibility of using other multivariate inflow..salinity equa­
tions should be evaluated. Other regression forms could
include the various sources of inflow or other factors as
independent variables that might better describe the rela­
tionship between inflow and salinity. This would allow
better assessment of effects on bay salinities resulting from
changes to major inflow sources, while preserving the idea
that all inflows have influence to some degree throughout
the estuary. The development of multiple regression equa­
tions would be a refinement to the assessme~tmethod that
could be incorporated into the TXEMP Model as they
became available. Consideration has been given to incorpo­
rating evaporation into the salinity-inflow regressions, al­
though results of tests show adding evaporation reduces
variance only about half the time.

Nutrinit loading. Calculation of nutrient budgets
depends chiefly on estimates of nutrient loading to the
estuaries, estimates of exchange rates between estuaries and
adjacent waters, especially the Gulf, and on measurements of
other rates, such as biological activiries, which affect nutrient
concentrations. Nutrient loading data is nearly complete,
wirh information compiled for rhe major esruaries except for
Sabine Lake and Laguna Madre. Estimates of tidal exchange
and adv~ctive transport of marerials between adjoining
estuaries was shown in Section 7.3 to be very importanr to

the budget. These estimates were derived from the applica­
tion of the hydrodynamic model. 'Therefore, nutrient
budget calculations will lag behind hydrodynamic model
development for each system.

Parameters for rates ofnutrient loss in some important
biological and geochemical processes have been measured
for several estuaries in recent studies. These measurements
may be applicable to esruaries other than those from which
th~y were made. However, given the range of salinities and
environm~ntsencompassed by the bays, from low-salinity
mud flats to the high-salinityseagrass beds ofLaguna Madre,
ir would be surprising if the values of these parameters were
constant. Denitrification in particular should be measured
in the bays of the upper coast. Measurements should be
made to establish the relationship ofdenitrification rate with
temperature, water column nitrogen concentration, and
salinity.

The rate of burial of nutrients below the level of
biological activity in the sediments probably accounts for a
relatively low proporti.on of nutrient!oss, but there is very
little data to support an estimate ofthe rate. N urrient loss to '
burial might be greatest near active deltas, but estimates are
needed for all bays.

Exchange of materials with the Gulf of Mexico is
obviously importanr in establishing many characteristics of
Texas estuaries. With respect to nutrient budgets, calctila­
tions showed that tidal inflows made surprisingly large
contributions of nutrients to the bays, even when Gulf
nutrient concentrations were low. More information on
Gulfnutrient concentrations on the coastal shelfwould help
to more accurately determine Gulf-bay exchange. In addi­
tion, the rate ofmixing between Gulfand bay waters during
flood tide determines how much new Gulf water is actually
incorporated in the bay with each tidal cycle. This mixing
rate is likely to be dependent on the morphology of each
major pass. The nutrient budget presented for the Guadalupe
Estuary relied on an estimate of mixing rate proposed for
Aransas Pass. Mixing rate estimates are needed for all other
major passes.

The nutrient budget is complete for the Guadalupe
Estuary and nearly complete for the Trinity-San Jacinto
Estuary. The LCRA, with the assistance of the 1WDB, is
currently preparing a nutrient budget for the Lavaca-Colo­
rado Estuary.

Fishery equatiom. Fishery harvest data for brown
shrimp, white shrimp, blue crab, easrern oyster, spotted
seatrout, red drum, and black drum have been analyzed for
the Sabine-Neches, Trinity-San Jacinto, Lav~ca-Colorado,

Guadalupe, Mission-Aransas, and Nueces estuaries. Staris­
tically significant (P < 0.05) equations for these estuaries are
available for all species, except those indicated in Table
9.2.2.

Fishery harvest data for the Laguna Madre are avail­
able for 1962 through 1987, but the complementary fresh­
water inflow data are not available beyond 1976. Conse­
quently, no new harvest equations have been developed for
the Laguna Madre, although completion ofthe hydrological
analyses will allow the regression analyses to be performed.
Harvest data for Sabine Lake are problematic, biased by
unfavorable changes in estuarine conditions (TDWR 1981e),
and contain broken (discontinuous) time series records as a
result ofshifts in the loq.l fishing industry. Although fishery
analyses were completed for Sabine Lake, problems with the
data caused a lack of confidence in most of the statistical
equations that were produced.
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Table 9.2.2. Summaxy of analyses of coastal fisheries harvests. The meaning of me symbols is as follows: X = statistically significant harvest equation
developed; 0 = no statistically significant harvest equation; Z = harvest equation developed from discontinuous data; NF = no fishexy data available;
NH = no hydrology data available.

Estuaxy Flow White Brown Blue Bay Red· Spotted Black
source shrimp shrimp crab oyster drum seatrout drum

Sabine-Neches Gaged Z Z X ·NF Z Z Z
Combined Z 0 X NF Z Z Z

Trinity-San Jacinto Gaged X X X X X X 0
Combined X X X X X X X

Lavaca-Colorado Gaged X 0 X 0 X X X
Combined X 0 X 0 X X X

Guadalupe Gaged X X X X X X X
Combined X X X X X X X

Mission-Aransas Gaged X X X X X X X
Combined X X X X X X X

Nueces Gaged X X Z NF X X X
Combined X X Z NF X X X

Upper Laguna Madre "Gaged NH NH NH NF NH NH NH
Combined NH NH NH NF NH NH NH

LOwer 1..aguna Madre Gaged NH NH NH NH NH NH NH
Combined NH NH NH NH "NH NH NH

All 74 of the fishery equations from the regression
analyses are based on commercial harvest data over a 26- to
29-year period. There are many potential sources oferror in
this fishery-dependent data including problems with incom­
plete data reporting, inaccuracies due to different levels of
precision in reporting, concerns about the measures of
effort, and questions of whether landings from one estuary
include some catch from adjacent estuaries. In addition, the
harvest information does not include recreational catch.
While these are serious problems, the fact remains that the
.commercial harvest information is a long-term data set,
spanning almost three decades for some species. No other
database ofestuarine animal abundance in Texas provides as
long a period of record. During this time, the coastal
fisheries experienced a wide range of freshwater inflows,
which allows statistical testing to discern any relationships
that might exist between fishery performance and inflows.

The fishery-independent monitoring data from
TPWD is a data set that shows promise of providing im­
proved information on changes in fish and shellfish abun­
dance or distribution as a function of inflows. The TPWD
staff have collected samples with gill nets since 1977 and

with trawls since 1983, using a randomized stratified sam­
plingstrategy. Rigorous statistical considerations have guided
.this sampling program so that statistically unbiased esti­
mates of abundance can be determined. At some future
time, there will be enough of this data to perform regression
analyses to estimate annual fishery abundance or distribu­
tion that avoids problems inherent with the fishery-depen­
dent harvest data. Ifsuch an analysis is successfully demon­
strated, the fishery-independent sampling data could be
used to develop fishery equations for all the estuaries, with­
out the biases of harvest data. This database contains
information on prey species as well as most economically
important fishery species.

Areal distribution o/wetland types. Two complete
series ofprinted maps ofTexas coastal wetlands are available,
both based on 1979 NASA color-infrared photography.
The environmental maps prepared by The University of
Texas Bureau ofEconomic Geology for the submerged lands
ofTexas publications series (White et al. 1983, 1985, 1986,
1987, '1988, 1989) accurately delineated areal distribution
of wetlands for all seven Texas estuaries at this time. Simi­
larly, the USFWS National W~cland Inventory (NWI)
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Program has produced coastal wetlands maps for rhe same
time period. However, quantitarive inventories of the
mapped wetland habitars have not been completed since
these maps have not yer been digitized for all partS of the
Texas coast. The Galveston Bay area does have total habitat
acreage figures for the 1979 photography rhat were compiled
in conjunction with the Galveston Bay National Estuary
Program. The USFWS is currently updating the wetland
inventory maps based on photography taken in 1992 and
1993, and will produce statistical summaries and areal
change estimates ofwetland areas for various regions of the
coast in addition to updated maps. TPWD has recently
completed a special mapping study of 1989 wetlands distri­
bution for Nueces Bay as part of the impact assessment of
effects of Choke Canyon Dam on the N ueces River Delta.
Similar current habitat maps are needed for the other Texas
estuaries, to perform historical trend analyses on Texas
.coastal wetlands and to evaluate effects of&eshwater inflows.

As discussed in Section 5.2, wetland habirat changes
caused by freshwater inflow fluctuarions will be inadequately
assessed if only net changes in "habitat,» that is, vegetarive
ground cover, are measured. Significant wetlands change
ohen occurs which does not involve loss ofvegetative ground
cover, but rather a shift in species composition of a plant
community. These types of habitat alterations require
intensive field surveys to document community composi­
tion, which is especially difficult to detect by photogram­
metric analysis of aerial photography. To make habitat
mapping and change-derection results more effective and
applicable, target sites should be chosen for regular field
monitoring of freshwater inflow effects on habitat. These
would be representative areas of vegetative communities in
each estuary where established transects would be checked,
and samples periodically collected.

The river delta areas of estuaries are most sensitive to
effects of salinity intrusion, and flooding of the deltas with
fresh water maintains the low-brackish communities there.
Because of the critical deficiency in our knowledge of the
quantitative inundarion requirements of rhese delta areas,
speciiJ studies are needed to relare plant community dynam- .
ics to delta flooding regimes. To perform this analysis,
continuous. water level data should be obrained in the
esruarine deltas on an ongoing basis as part of regular
monitoring programs.

Abundance of major consumers and physiological
adl'ptation studies. To' maintain an ecologically sound
estuarine system, an understanding of all key compont;nts
(nekton, benthos, and plankton) and their association with
the environment is necessary. Ecologisrs have developed
various methods to study community structure, but in
general, each explores only parts of the system and seldom

includes all biotic and abiotic components as a whole. The
most obvious and simplest way to starr is the building of a
species inventory, species abundance by habitat type, and
information on their ability to cope with the dynamic
environment.

The Texas shoreline extends about 400 miles; and
each ofthe ten major and minor estuarine systems is. more or
less uniquely cllaracterized by different environmental con­
ditions. As a result, species abundance varies from estuary to
estuary. In this report, species collected by TPWD gill net,
bag seine, and fish trawl have been compiled for the T rinity­
San Jacinto, Guadalupe, and Nueces estuarine systems.
While benthic communities have been surveyed for· the
Trinity-San Jacinto and Guadalupe estuaries, species infor­
mation on plankton in Texas estuaries is scattered and
remains to be synthesized. In addition, ~ost ofthese studies
have been done for shott time periods in different estuaries.
Information spanning several years is needed to determine
interannual variability of populations, which is probably
linked to interannual climatic variability.

Although there are more than 200 fish and shellfish
species in each of the Trinity-San Jacinto, Guadalupe, and
Nueces estuarie~, the nwnber of species that occurs fre­
quenrIy and abundanrIy is far fewer. Table 9.2.3 lists the 35
common species that deserve comprehensive srudies oftheir
roles and functions in the estuaties. These fish and shellfish
are mainly from a few taxonomic groups including families
ofAriidae (catfish), Atherinidae (silverside), Clupeidae (men­
haden), Cyprinodontidae(killifish), Engraulidae (anchovy),
Mugilidae (mullet), Pleuronectidae (flounder), Sciaenidae
(drums and croakers), Sparidae (pinfish and sheepshead),
Ostreidae (oyster), Portunidae (crab), and Penaeidae
(shrimp). The last three groups contain the most valuable
members of the invertebrates in Texas.

Bays and estuaries are important nursery grounds for
many fish that are estuary-dependent during part oftheir life
cycle. Consequently, estuarine fish communities are ohen
dominated by juveniles which spawn in the passes to the
Gulfor in the coastal waters, and then move into estuaries as
eggs, larvae, or juveniles. Primary nursery areas in estuaries
are emergent vegetated wetlands, open water near river
mouth, seagrass beds, and reefS. Depending on species, these
habitats may be areas where physiochemical parameters are
suitable, foods are abundant, competition among species is
less keen, or some degree ofprotection hom predators exists.

The spatial distribution of juvenile fish and inverte­
brates within an estuary are the results ofinteractions among
physiochemical factors, otherspecies, and themselves. While
abiotic factors govern broad spatial distribution, species
interactions fine-tune local distributions. Several studies'
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Table 9.2.3. Species with mean catch per unit effort '" 1.0 and % ofsample", 25%. Gear type: G=gill ne,t, T =trawl, B7bagseine, D=oyster
dredge. Bay system: G=Galveston Bay, S=San Antonio Bay, N=Nueces Bay. ' '

Species Common name Gear type Bay system

Anchoa mitchi/li bay anchovy T B G S N
, Archosargus probatocq>ha/us sheepshead G S N
Ariusfi/is hardhead catfish G T G S N
Bagr~ marinus gafftopsail catfish G G S N:
Bairdie/la chrysura silver perch T N
BrnJoortia patronus gulf menhaden .G T B G S N
Cai/in~eus sapidus blue crab G T B G S N
Cai/in~eus simi/is lesser blue crab T N
Crassostrta virginica eastern oyster D G S N
Chioroscombrus' chrysrus' Atlantic bumper T N
Cynoscion armarius. sand seatrout T G 'N
Cynoscion n~buiosus spotted seatrout G G S N
Cyprinodon vari~atus sheepshead minnow B S N
Dorosoma up~dianum gizzard shad G G S N
Eiops saurus ladyHsh G N
Fundulus grandis gulf killifISh B S N
Fundulus simi/is longnose killifISh B S N
ICf4/Urus jU,catus blue catfISh G T S
Lagodon ,homboUUs pinflSh T B G S N
Lriostomus xanthurus spot G T B G S N
Upisost~ spatula alligator gar G S
La/liguncu/a b'nJis brief squid T S N
Mmidiaspp. silverside B G S N

.Micropogonias unduiatus Atlantic croaker G T B G S N
Mugi/ cq>ha/us sniped mullet G B G S N
N~opanop~ texana mud crab T N
Orthopristis chrysopt"a pigflSh T N
Pala~on~t~ spp. grass shrimp B G S N
Para/ichthys kthostigma southern flounder G G S N
P~azt~cus brown shrimp T B G S N
P~s~tif~ white shrimp T B G S N
Pogonias cromis black drum G G S N
Poiydacty/us octon~us Atlantic threadfin T N
Sciamops oc~/latus . . red drum G G S N'

Spho"oides parous least puffer T N

along the Gulf of Mexico indicated that fish abundance in
estuaries and coastal waterswere highly related to the amount
ofwetlands, food availability, and climatic factors including
river discharge, precipitation, and. wind directions during
spawning seasons. In Texas, historical data suggested that
estuaries with abundant river inflow had higher fish yields
per unit area and that fishety harvest was higher in "wet"
years than "dry" years.

Relative fish abundances bylatitude-longitude and in
some occasions, bywet-dry year are available for the T rinity­
Sar. ]aciqto river system and partially complete for Nueces
and Guadalupe estuaries. Since these abundance plots show
some degree ofrelationship among organisms, salinity-river
discharge, and wetland area, similar plots should be made
available for. the same species in other Texas estuaries:

Organisms must be tolerant ofchanges in salinity and
temperature to survive and grow in a varying estuarine
environment. Whenever unfavorable conditions are en­
countered, there are several possible outcomes. For nekton; ,
they either move up and down the estuary, searching for a
tolerable location, or physiologically adapt to the conditions
if stresses are within tolerable limits. For sessile organisms,
they either adjust dynamically to the rapidly changing
environments or die ifconditions are too rigorous. Usually,
there is a wide range within which organisms are able to
survive for a shorr period of time,:but there is usually a
narrower range within which organisms can achieve maxi­
mum g~owth and reproduction. Different life stages also
show different sensitivities. to the same conditions. Perhaps,
through this differential adaptation, organisms maneuver to
optimize growth, reduce competition, and reduce predation
rates in a dynamic system.

339



As a result, the study of physiological aspects in
relation to the life cycle of the orgafiisms becomes necessary
to understand how organisms are distributed in estuaries or
why one habitat is preferred to the other. Without the
knowledge of physiological requirements by organisms, the
association between species distribution and salinity/habitat
can only be assumed or approximated. Aquaculture studies
have demonstrated that animal growth can be maintained at
salinities outside of the preferred zone if food is supple­
mented, suggesting that lack of fresh water is not only a
physiological stress but also a trophic stress. Freshwater
inflow also brings nutrients and allochthonous material that
fuels the food web. More research is needed to explore the
synergistic connections between salinity stress and trophic
relationships.

Undoubtedly, the most difficult problem faced by
estuarine organisms is osmoregulation and dealing with
salinity variations. Only when this problem is overcome can
organisms benefit from the food-rich estuarine environ­
ment. There is a lot of literature dealing with salinity and
temperature tolerance oforganisms in estuaries, but only a
few experiments have been designed to cover the entire range
encountered in the system. Temperature and salinity often
operate synergistically; therefore, carefully planned experi­
ments over the full range of salinity (0 to 50%0) and
temperature (5 to 35°C) are needed for juveniles, subadults,
and adults in Texas estuaries. These studies should examine
those parameters such as the effects on survival, growth, and
reproduction. A suggested list ofspecies in descending
ecological and economic priority includes the zooplankton
Acartia toma, grass shrimp (Palaemonetes pugio), eastern
oyster, Gulf menhaden, bay anchovy (Anchoa mitchel/I),
white shrimp, brown shrimp, blue crab, spotted seatrout,
Atlantic croaker, and red drum;

Improvements in the Analytical Procedure and
Enhancements to the TXEMP Model'

Phytoplankton production with respect to inflow or
salinity. Separating direct inflow-related effects (salinity) on
phytoplankton and epiphytic algae from effects of local
estuarine factors (turbidity, dredging, pollutant discharges,
local meteorology) has proven problematical based on data
analysis performed "after-the-fact." Since these primary
producers depend on nutrient inputs and water clarity for
growth, productivity relationships to inflows should be
amenable to modeling ifsampling and intensive monitoring
of these factors are performed according to a properly
designed scheme. One of the clearest ways to distinguish
inflow effects' would be to compare' results from distinct
"wet" years and "dry" years for each specific estuary. Using
total gaged inflow to the' estuary, biological data could be
lumped into these two "year" categories for comparison.

This basic research approach should help to interpret studies
of inflow effects on estuarine productivity, especially for
phytoplankton, macrophytes, and epiphyte communities.

"Blooms" and excess fouling algae represent devia­
tions from the normal baseline of phytoplankton biomass
and benthic primary producers in coastal water bodies.

,Estuarine environments characteristically develop nuisance
blooms ofeither dinoflagellates or cyanobacteria (blue-green
algae), depending on the salinity (Paerl 1988). Oligohaline
regions (0 to 5%0) tend to be dominated by cyanobacteria
such as Anabaena or Micro')stis, while dinoflagellates such as
Gonyaulax or Ptychodiscus (Gymnodinium) which cause red
tides, dominate at salinities greater than 5%0. . In some
waters, other algae such as Chrysophyta may reach bloom
proportions causing brown tides. Often, these blooms of
nuisance phytoplankton are accompanied by releases of
toxic chemicals, reduction ofdissolved oxygen (hypoxia and
anoxia) in the water column and bonom sediments, and
reduction in "desirable" phytoplankton, macroalgae, and
submerged vascular plants due to decreased water transpar­
ency. Dormant cysts or seed cells are thought to remain
viable in coastal sediments for ye-ars, only t~ be triggered into
a bloom by appropriate growth conditions.

Such blooms usually are attributed to hydrobiological
disturbances including freshwater runoff, water column
turnover, thermal stratification, and abnormally high light
and temperature conditions (Paerl 1988). Cenainly water'
resource management practices should aim at controlling or
moderating blooms through controlling these causative eco­
logical factors once they are understood. Practical, direct
methods that decrease undesirable algal populations involve
decreasing specific nutrient loadings, reduction in
allochthonous (external) organic matter loadings, increasing
vertical mixing and water circulation, and controlling N/P
ratios to the systems. The relationship ofsilicon to nitrogen
and phosphorus in the nutrient loadings may be a selective
faeror especially critical to die success of diatoms over
cyanobaereria and dinoflagellates in estuarine waters (Hecky
and Kilham 1989). Nutrient loading ofcoastal waters with
sewage discharges that are poor in silicon, but relatively high
in nitrogen and phosphorus, could stimulate growth of
bloom-forming algae, while leading to the elimination of
desirable diatoms by competition.

Concerted monitoring ofphytoplankton populations
and processes, as well as water quality factors, is necessary to
detect bloom formation prior to an outbreak. As described
above, charaereristic speciesofphytoplankton or overgrowths
ofepiphytic algae are good indicators of penurbed inflows
and poor existing water quality regimes. A variety of
parameters can be used to distinguish actual bloom condi­
tions, including chlorophyll levels, primary produerivity,
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oxygen depletion,water color, and tl~rbidity. Bloom condi­
tions have been correlated with excessive inputs ofnutrients
or reduced circ~ation in various estuarine systems (Reynolds
and Walsby 1975; Kemp et al. 1983). ,This is significant
since, in Sections 4.2 and 4.3, nutrient loadings (ofN and P)
to., many Texas bays currently were reported to be above
levels considered limiting togrowth ofphyroplankronpopu­
lations. This suggests that a major prerequisite for develop~
ment of both blooms and eutrophication already exists.
Becauseofthe potential for.combinations ofphysical, chemi~
cal, and biotic factors to regulate blooms, criteria for estua­
rine resource management based pn the role of freshwatet
inflows in controlling bloom events should be explored and
developed.

Benthic communityproductivity as an objeetivefunc­
tion. Productivity of estuarine species in the programming
l1)odel is represented entirely by the relationship between
harvest (a surrogate measure of production) and inflow.
Some of the difficulties of using harvest instead of a more
direct productivity measurement have been noted earlier in
this section. Even if these problems were addressed, the fact
remains that only a limited assortment of fishety species­
dominated by those ofrecreational and commercial impor­
tance-represents the productivity of the entire ,estuary.
The methodology could be broadened if productivity of
other estuarine life were included. This would be consistent
with the language in TEXAS WATER CODE 11.147(a),
that beneficial inflows provide a sound environment to

maintain the productivity offish, shellfish, and the estuarine
life on which they depend.

Various living components of the estuaty were exam··
ined in chapters 5 and 6 to determine whether there was a
demonstrable telationship between their abundance or pro­
duction and freshwater inflow. The lackofcontinuous long­
term data records hindered the definition of good relation­
ships for several groups, but benthic species seemed to be the
most likely to provide an additional production measure­
ment if additional information were collet-Led. Benthic
species are generally immobile, so they cannot escape the
changes in estuarine waters thar occur with fluctuating
inflows. Stenohaline (narrowlysalt tolerant) members ofthe
benthic community die when salinity conditions deviate too
much, and increases in the supply of materials from inflow
and the return ofmoderate salinities usually produce a boom
in benthic production and reproduction.

Studies are being continued in two estuaries that may
allow definition ofan inflow-benthic productivity relation­
ship. The first requirement in defining an objective funerion
for benthic produerivity is to demonstrate the mechanism
relating inflow and production.. Work is currently under
way on this.topic and the results look promising (Dr. Paul

Montagna, University of Texas at Austin, Marine Science
Institute, Port Aransas Marine Laboratory; pers. com.).

The second task will be to use the relationship defined
above as the basis for analysis ofhistorical benthic data to see
whether bay-specific equations can be created. Once the
inflow-benthic produerivity mechanism is identified, an
important step in the second task will be to determine
whether additional benthic data is needed for analysis. For
some estuaries, there may be inadequate benthic data records
with which to prepare a quantitative relationship. If so, a
decision will have to be made whether to colleer additional
data over a several-year period..

If adequate equations can be created, the benthic
relationship can be included in the programming model.
Since this will constitute an additional objective function,
additional policy-level information such as a benthic pro­
duction constraint will be requited.

A final step needs to, be added to the overall inflow
d~termination procedure. A comprehensive analysis of p~e­
diered salinities from the hydrodynamic and salinity model
should be prepared, based on different inflow levels. One of
the setsofinflow levels should be theinflow values calculated
by the Es'tuarine MathelJ1atical Programming. Model,
TXEMP. The salinity parterns calcul.ated by the hydrody­
namic and salinity model should be compared with histori-,
cal salinity data. This will provide a basis for judging the.
degree ofchange in the salinity partern that will result from
the inflows calculated by TXEMP.

Information tegarding aquatic and terrestrial life forms
(plant communities, shellfish, birds, mammals, and other
groups), their dependence on specific estuarine conditions
required to maintain their health and productivity needs,
and their historical distributions should be evaluated and
compared to the conditions that will result fcom the iriflows
calculated byTXEMP. When appropriate, adjustrrents to

the calculated inflows to mitigate known adverse impacts
can be made through consultation with. knowledgeable
fishety and wildlife scientists..

Include consideration ofwater quality in program­
ming modeL An ,anticipated extension ofthe simulation of
estuarine salinity dynamics is the simulation ofthe behavior
of other water quality constituents in the.est~ry. There is
a ready application ofthe existing salinity simulation model
in predicting movements ofmaterials which do not undergo
rapid transfotmations, such as some pollutants.,Appropri1lt~

f9rmulations do exist, however, to enable ~imulation of
dissolved oxygen concentrations, nutrient concentrations,
and levels ofother materials which are rapidly proceSl!edi:»y
the biota of the estuaty. To realize the useful application of
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this model to these dynamic constituents, however, data is
needed on the rates of biological and chemical processes
which affeer these materials.

There may be a role for the optimization approach
developed here to address future water quality concerns.
There are trade-offs to the estuary in a future scenario of
higher rates of nutrient loading which may come with
increased urbanization'ofestuarine shores. Increased nutri­
ent loading may bring positive increases in produerivity to
some estuaries. However, increased nutrient loading also
may increase risks of the development of anoxic areas, red
tide blooms, or other problems. How these risks weigh
against the possible increased produerivity depends on many
faerors, including rates of water exchange, seasonality, and
faerors which limit the biological community. The frame­
work ofthe TXEMP Model is uniquelysuited to incorporate
in a quantitative way our knowledge of the interaerions of
these various faerors. Water quality standards and produc­
tivity measures could also be included as targets or control­
ling parameters. Relationships between loading rates and
prediered dissolved oxygen concentrations or other param­
eters could be used as constraints. It is possible to envision
the application ofthis model to water quality concerns in this
way. However, to make it work, more detailed knowledge

, is required of the best way to express relationships between
nutrient loading, pollutant concentrations, and the behavior
of the estuarine ecosystem.

Conclusion

The models and methods needed to use the analytical
procedure to determine freshwater inflow requirements
have been developed. Most of the information about the
hydrology of inflowing waters and fishery equations is also
available. The models ofcirculation and conservative trans­
port for several estuaries need to be calibrated, and the
nutrient budgets using cumulative flows from these models
must still be prepared. Analyses of sediment requirements
for the bay systems other than the Guadalupe Estuary will
have to be done on a case-by-case basis, probably aimed at
determining sediment requirements for maintaining delta
wetlands.

Several enhancements to the method were discussed
including improved primary produerivity relationships and
the addition of benthic produerivity and water quality
components. Because the analytical procedure is somewhat
modular, incremental improvements to the analytical proce­
dure as well as new features can be added easily at any time.
Some ofthe techniques and analyses can be applied to other
important problems such as the responses of ecosystems to
unusual occurrences or deleterious changes from major
pollutant spills, eutrophication, or toxic algae blooms. There

may be concern over the length oftime required for a bay to
flush out a pollutant, or the question might be whether
Currents will sweep a red tide bloom into a bay. The
morphometry of passes, the orientation of ship channels,
and the volume of freshwater inflows all influence the
exchange between major secondary and tertiary bays and the
circulation of fresh and salty water within the bays. The
models presented here provide a way ofcombining informa­
tion on many aspects ofestuary hydrodynamics, movements
of materials, and ecological processes.

9.3 POUCY DECISIONS THAT MUST BE MADE
TO APPLY THE METHODOLOGY

Introduction

In response to statute direerives for studies on the
effeers of freshwater inflows, state scientists and engineers
have developed a comprehensive database and methodology
for estimating the freshwater inflow needs ofTexas bays and
estuaries. Since freshwater inflows affeer' our estuarine
(tidal) systems at all basic levels of interaction-physical,
chemical, and biological effeers--the new method was de­
signed to include at least the minimum needs for each
functional level. It also incorporates a technique for opti­
mizing the freshwater inflow needs across all levels of inter­
aerion to maintain the ecological integrity of these valuable
coastal environments.

The TXEMP ModeL The TXEMP Model was coop­
eratively developed and tested with the Center for Research
in Water Resources at The University ofTexas at Austin. It
allows use ofa multiobjeerive approach to solving the inflow
problem and incorporates the statistical uncertainty ofcor­
related relationships between freshwater inflows and result­
ing bay salinities and fisheries harvests. This is a real
advancement in this type of solution technique. Model
results are displayed as "performance curves" like the illus­
trative examples shown in Figure 9.3.1. From these perfor­
mance curves, decision-makers can select the point that best
balances the needs of man and the environment for the
benefit ofall Texans. As a final check, the freshwater inflow
needs calculated by the TXEMP Model are incorporated

, into the TXBLEND hydrodynamic model to evaluate the
overall effeers on bay circulation and salinity patterns.

Policy decisions and 11Ulnagement objectives. While
the logic and equations of the optimization model are built
on scientific and engineering analyses, application of the
model requires the mathematical expression ofall operative
constraints, limits, and state resource management objec­
tives. Decisions about these objeerives are in the realm of
public policy, more than science and engineering. They are
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Policy-level DecisioD~ for the Analysis

Figure 9.3.1. Example perfc.rmance curves of harvest versus inflow for
different probabilities of meeting the salinity constraints

dynam~c (circulation and salinity) models. Every effort
should be made to include species that cover as much ofthe
ecosystem's trophic spectrum as possible. , ,

&14tiveweighti~gofspecies. Also to be decided is ilie
issue of the relative importance of species in the analysis.
Should all species be treated equally, orshould some be given
more preference than others? There may be appropriate
policy reasons to justify weighting one species more heavily
than another in the analysis. Ifso, the p~~blem remains of
determining what the weighting should be. The prototype
analysis includes example~ showing results from the use of
several different species weightings, including one based
solely on the economic value ofharvested species. Experi­
ence with the TXEMP method has shown that extreme
weighting factors arelikely to distort.the analysis.

. .After numerous test runs, TPWD and TWDB staff
agreed, for demonstration purposes, to use the.! Oth percen-

InfWw constraints. , Historical inflow information
provides a general picture of the volume and pattern~ of
inflow that are characteristic ofthe river basin. A measure of
central tendency is appropriate for use in the model since it
provides a realistic estimate ,ofhow muchwater the basin can
provide. In the demonstration analysis, the upper ,bounds
on freshwater inflow was set at the median (50th percentile)
monthly historical flow, a significantly smaller value than
the mean (average) monthly flow, which is skewed upwards '
by infrequent but large flood events in the historical record.
The argument for using the median recognizes that it is more
representative ofthe normal hydrologic conditions since the
median inflow is exceeded half the time while the mean
inflow is usually encountered much less frequently. For,
some analyses, however, it may be appropriate to set the .
upper bound at the mean flow, or some other desired level.

Selection of infWw-response equations. Sources of
freshwater inflow to the estuary must be considered and will
determine which group of inflow-response equations are
used, those based on gaged flow alone or the total combi~ed
inflow from all contributing drainage basins. Although it is
the gaged river flows that are most affected by impoundment
and diversion activities; bay salinities and fisheries 'are af­
fected by inflows to the estuary from all sourc~. While the
use ofgaged inflow dat~ alone simplifies the interpretation
of the analysis, it may allow additional unexplained error
into the optimization procedure. This is particularly true for
estuaries with large ungaged drainage are~ or where there is
a low correlation between gaged and ungaged inflows. For
this reason, it may be better. to use combined inflows in the
model. Another option would be to perform the analyses
with both types of inflow records to better evaluate the
problem and its solution.
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The prototype analysis, prepared jointlybytheTWDB
and the TPWD and presented in Chapter 8, uses a set of
more or less reasonable constraints, limits,' and objectives:
While ~ese input parameters were sufficient for demon­
strating the example, they may not b~'completely satisfac­
tory for regulatory or judicial purposes; A number ofrelated
policy issues must be examined and decisions must be made
for this method to be effectively used in the future.

Some of the commercial harvest equations may be
improved in the future with additional harvest and inflow
data. If abundance relationships can be developed from
TPWD's fishery-independent monitoring data, it may be
possible to provide response equations for more species than
just those that are commercially harvested. TPWD's moni­
toring data can already be used to describe the distrib~tional

abundance of many common species, thereby providing
another way to biologically interpret results from the hydro-

Species 10 be incluJeJ. The indicator organisms that
will be used in the analysis must be chosen. At the present
time, the choices for this decision are limited. As noted in
Section 9.2 and Table 9.2.2, equations relating freshwater
inflow to commercial seafood harvest are available for up to
seven fishery species in six estuaries, although equations for
all species are not available for all estuaries. These species
represent awide spectrum (Ifanimals that includes mollusks,
crustaceans, and vertebrates. The fishery data were discon­
tinuous in one estuary, and confidence in the resulting
equations was low. In the other estuaries, there were only a
few instances where no statistically significant equations
could be constructed.

most appropriately made by the state's policy makers, espe­
cially the boards arid commissions which are responsible
under state statutes for regulating the use and management
ofbays and esruaries, and their contributingriver and coastal
drainage basins.
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tile of the historical monthly flow rate as the lower bounds
on inflow. However,. existing state or federal minimum
streamflow requirements or other considerations could be
used to set the tequired lowet bound.

In addition to monthly inflow bounds, seasonal in­
flow bounds were also set to prevent extrapolating harvests
beyond the inflow levels for which the equations are valid
(the fishery harvest regressions were derived using two­
month seasons in the analysis). Should new types ofharvest
or abundance equations be prepared, the seasonal period
used for the inflow bound may have to be changed to reflect
the inflow time span used in the analysis.

Area-specific salinity limits by month. The model
provides for the use of monthly upper and lower salinity
bounds that are specific to particular areas of the estuary.
These bounds represent salinity viability limits within which
the economically important and ecologically characteristic
fishery species can survive, grow, and reproduce. The
number of areas for which salinity bounds are selected will
depend on the availability ofinflow-salinity regression equa­
tions for the estuary; the model can test only the salinity
bounds at sites for which there are enough data to develop
the equations. Serring the bounds will require interaction
between biological scientis~s, who can interpret the effects of
salinity on different life stages at various times of the year,
and policy makers or regulators, who have the authority to
make the salinity boundary decisions.

Nutrient loading constraint. The nutrient loading
constraint (Section 7.4) presented in the example analysis
was based on consideration of nitrogen loading to the
estuary and the assumption that the minimum acceptable
loading should at least balance nutrient losses from the
estuary. Indications are that primary production in Texas
estuaries is more likely to be limited by nitrogen than
phosphorus or carbon. Policy makers may want to consider
loading of these other materials, and may wish to refine the
minimum acceptable nutrient loading requirement based
on information from the nutrient balance analysis.

Sediment loading constraint. Sediment loading and
transport are among the least understood of the processes
that occur in estuaries. The example analysis included a
sediment constraint that was determined in part through a
process of elimination. A whole estuary approach, ·such as
used with the nutrient constraint, was not possible. Data
availability and other considerations eliminated other spe­
cific areas for analysis; maintenance ofdepth in Mission Lake
was one of the few feasible topics left.

Other estuaries have similar problems involving the
lack of <bta and the lack of a clear analytical method. The

other estuarine systems will undoubtedly also require an ad
hoc approach to sediment load analysis. It may be useful for
the policy makers and regulators to evaluate, at the onset,
whether such a limited approach is sufficient, and to endorse
a general approach such as focusing arreilCion on mainte­
nance of the delta wetlands, as suggested in Section 9.2.

The methods for determining sediment loading re­
quirements for other estuaries are also likely to involve the
determination ofa minimum sediment load to maintain an
elevation, depth, or area. This minimum annual load will
represent a balance point at which there will be no net loss
or gain. Policy makers may wish to refine this minimum
loading requirement based on other considerations suchas
restoring past losses of certain habitat areas.

Chance constraints for salinity and han·est. This
model allows optimal solutions to be calculated that take
into account the statistical ertor (uncertainty) ofthe salinity
and fisheries equations. Using the fishery harvest equation
error, the TXEMP model calculations ofinflow provide that·
a given probability level of achieving a parricuiar harvest
target will be equaled or surpassed. Using the salinity
equation error, the TXEMP model calculations of i~flow

ensure that a given probability ofnot violating salinity limits
at either the upper or lower bounds will be equaled or
exceeded. The probability is usuallyexpressed as a percent­
age of reliability (usually a value between 50% and about·
80%). Policy makers and regulators will have to decide
whether to use the stochastic form of the model or to do the
analysis in an entirely deterministic manner (setting the
probabilities to 50%). If the statistical nature of the salinity
or harvest equations were important considerations for the
decision at hand, the policy makers or regulators will have to
determine the levels of probability that are appropriate for
the analysis.

Harvest targets. Harvest targets are the minimum
levels of fishery harvests that must be maintained through­
out the analysis. Since fishery harvests are used as a surrogate
for biological productivity, the harvest targets are important
because they define levels of biological productivity that
must be maintained by beneficial inflows, which is part of
the legislative direction in TEXAS WATER 'CODE
11.147(a). In the prototype analysis, harvest targers fixed at
the mean (average) harvest level for each species proved too
restrictive for model operation, so they were ,reduced to no
less than 80% ofthe means from the data used in the fishery
regression analyses. Although this constraint is an important
one for policy makers and regulators to set, depending on the
management objectives of the estuary, there will have to be
some flexibility in selecting the levels to allow the model
maneuvering room to find a feasible solution.

344



Objective fUnctionfor optimization. Six objective .
. functions for optimization are possible with this model:

minimize inflow, maximize harvest, maximize inflow, mini­
mize .harvest, maximize probability of achieving harvest

.targets, and maximize probability ofsatisfying salinity con­
straints. The first two~bjective functions are the ones of
most interest in decision-making. Using the 50% salinity
probabilityperformance curve in Figure 9.3.1 as an example,

. the point farthest to the left on the graph represents mini­
mizing freshwater inflo~s while maintaining fisheries·har­
vests near their mean historic levels. The highest point along
the vertical axis ofthe graph represents the second objective
function, maximizing fisheries harvests while maintaining
freshwater inflows at levels not to exceed the median historic
flows. Solutions between and including these two points
will be ofgreatest interest to the policy and decision makers.

As long as the harVest remains above historic mean
levels, the minimum inflow objective function appears to
best express the requirements of the statute: determine bay
conditions (i.e., sediments, nutrients, and salinity-gradi­
ents) adequate to maintain a sound ecological environment
necessary for maintenance of the productivity of fish and
shellfish (seafood) resources. However, there could be cases
where the minimum inflow objective function was not
appropriate. These would have to be determined by the
policy and decision makers, and another objective or region
along the performance curve would have to be selected for
inflow decisions. .

Conclusion

. The policy-level decisions that must be made by state
policy makers and regulators to apply this assessment method
involve choices about state management objectives, species

analyzed, freshwater inflow records, salinity limits, nutrient
and sediment loading requirements, fishery harvest targets;
and chance constraintson the statistical uncertainties. Some
of the decis~ons are straightforward; several will require
interaction with knowledgeable biological or hydrological
experts, or specialists operating the model. A few of the
policy decisions involve the overall management objectives
for an estuary and rais~ issues of importance to many'
citizens. Itseems appropriate that some guidelines should be
established before regulatory use of the model occurs.

9.4 CONCLUSIONS

This study has focused on the effects that freshwater
inflows have on the major components of estuarine ecosys­
tems, and the development ofa methodology [0 determine
freshwater inflow needs, given natural resource manage~ent
policies and objectives foran estuary. The tools, data, and
knowledge to determine estuarine inflow needs are now
available. While these' tools and our understanding of
estuarine. relationships are imperfect, they are complete
enough that they may be applied to produce answers.' The

. scientists and engineers who developed the tools and d~taare
confident that the techniques presented here capture the
essential relationships between freshwater inflow and the
productivity of fish, shellfish, and other estuarine life, and:
that the levels ofbeneficial inflows needed to maintain that
productivity· can be determined. The methods can be
applied to Texas estuaries to improve the management ofthe.
renewable resources therein, so the resources these estuaries
provide will be available for future generations. The same
tools serve to guide further investigations and refinement to
our understanding estuarine ecology and freshwater inflow.
requirements.
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