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PREFACE

The Texas Water Plan of 1968 tentatively allocated specific annual
amounts of water to supplement freshwater inflow to Texas' bays and estuaries.
These arounts were recognized at the time as no more than preliminary esti-
mates of inflow needs based upon historical inflows to each estuary. Further-
more, the optimal seasonal and spatial distribution of the inflows  could not
be determined at the time because of insufficient knowledge of the estuarine
ecosystems.

Established public policy stated in-the Texas Water Code (Section 1.003
as amnended, Acts 1975) provides for the conservation and development of the
State's natural resources, including "the maintenance of a proper ecological
environment of the bays and estuaries of Texas and the health of related
living marine resources.” Both Senate Concurrent Resolution 101 (63rd Legis—
lature, 1973) and Senate Resolution 267 (64th Legislature, 1975) declare that
"a sufficient inflow of freshwater is necessary to protect and maintain the
ecological health of Texas estuaries and related living marine resources."

In 1975, the 64th Texas Legislature enacted Senate Bill 137, a mandate
for comprehensive studies of "the effects of freshwater inflow upon the bays
and estuaries of Texas." Reports published as a part of the effort were to
address the relationship of freshwater inflow to the health of living estua-
rine resources (e.q., fish, shrimp, etc.} and to present methods of providing
and maintaining a suitable ecological environment. The technical analyses
were to characterize the relationships which have maintained the estuarine
environments historically and which have provided for the production of living
resources at observed historic levels.

This report is one in a series of reports on Texas bays and estuaries
designed to fulfill the mandate of Senate Bill 137, Seven major estuaries on
the Texas coast are part of the series, including (1) the Laguna Madre
estuary, (2) the Nueces estuary, (3) the Mission-Aransas estuary, (4) the
Guadalupe estuary, (5) the Lavaca—Tres Palacios estuary, (6) the Trinity-San
Jacinto estuary, and (7) the Sabine-Neches estuary. Reports in the S, B, 137
series are designed to explain in a comprehensive, yet understandable manner,
the results of these planning efforts.
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ABSTRACT

The Laguna Madre is one of three oceanic, hypersaline, lagoonal areas
known in the world. The most divergent estuarine region in Texas, the Laguna
Madre has a water surface area of less than 440 square miles (1,140 km2)
under mean low tidal conditions. Contributions of freshwater from the
surrounding river and coastal drainage basins are generally modest, with
combined inflows estimated to average only 689 thousand acre-feet (849 million
m3) per year over the 1941 through 1976 historical period. During the 1972
through 1976 interval, the average annual sport and commercial harvest of fish
and shellfish seafoods is estimated at 7.3 million pounds (3.3 million kg; 12
percent shellfish). At this level of fishing activity, the total annual
economic impact 1is estimated to be $39.7 million in 1976 dollars. Major
estuarine~dependent species harvested include the black drum, red drum
{redfish), spotted seatrout, and brown shrimp.

Freshwater inflows to Texas bays and estuaries are a vital factor in
maintaining estuarine productivity, as well as a significant contributor to
the near-shore (neretic) productivity of the Gulf of Mexico. It is assumed
that the importance of freshwater flow to the Laguna Madre can be analyzed
through effects on key indicators such as water quality, circulation and
salinity patterns, and fisheries production. For the fisheries species,
variations in productivity are indicated to be affected by the seasonal
guantities and sources of freshwater inflow through ecological interactions
involving salinity (osmoregulation), nutrients (biogeochemical cycling), food
{prey) production, and habitat availability,

Determining estimates of the freshwater inflow needs of the Laguna Madre
requires utilization of sophisticated mathematical and analytical techniques
in order to integrate the large number of relationships and constraints
involved. Freshwater need estimates were computed using an Estuarine Mathe—
matical Programming Model. The model calculates the monthly freshwater flows
from the Baffin Bay drainage area, and those of the Arroyo Colorado and North
Floodway, which best achieve the specified dbjectives. The objectives could
be varied to produce almost any desired estuarine condition, but three long-
term (multi-year average) alternative need levels were selected for esti-
mation. Alternative I, the ecosystem subsistence level, has the cbjectives of
minimizing the annual combined freshwater inflow while meeting monthly
salinity wviability limits that provide an opportunity for survival, growth,
and reproduction of the estuarine-dependent organisms. The Alternative I
freshwater inflow need is estimated toc be an average 344 thousand acre-feet
(424 million m3) per year. Alternative II, the level for maintenance of the
fisheries, is calculated to average 578 thousand acre-feet (713 million m3)
annually, and has the same objectives as Alternative 1, plus provides
sufficient inflows to give predicted fisheries harvests at no less than their
average historic levels. Alternative III, the level of inflow necessary for
fisheries harvest enhancement, is estimated at an annual average of 602
thousand acre—feet (743 million m3) and alsc has the same basic objectives
of Alternative I, but additionally includes maximizing the fish harvest in
upper Laguna Madre and the shrimp harvest in Gulf Area No. 21 offshore of the
lower Laguna Madre without causing the lower Laguna Madre fish harvest to fall
below its historical average.



TABLE OF CONTENTS

Chapter

Preface. i oveeiisnreernannnen S PP Ceebeen

Hydrology ..................................................
Circulation and Sallnlty ...................................

NULFient ProCeSSeS. .. eveneseesenses fetesesseiecsatansasnana
Primary and Secondary Bay Productlon..m ....................
Flsherles ........................... eeesrrssreessesrenanan

Evaluation of Estuarlne Alternatives
Significance of Freshwater Inflow Need Estimates

Cdncepts and Methods for Determining the Influence of

Freshwater Inflows Upon Estuarine ECOSYStemS..veeessscnsoennens
Scope Of Study...eriinernnnenarennannnnan teessevserscsrracnn
Estuarine Enviromment....eeceesaaa. e serimererirer ety

Introduction

Physical and Chemical Characteristics
Topography and Setting
Hydrology
Water Quality
Biological Characteristics
Food Chain
_ Life Cycles
Habitat
Summary .
Evaluation of Individual Estuarlne SYStEMS, s evnnvecasasinas
Introduction '
Mathematical Modeling
Key Indicators of Estuarine Conditions 5
Physical and Chemical Indicators
{1) Freshwater Inflows
{2) Critical Period
" {3) Circulation
(4) Salinity
{5) Nutrients
Biological Indicators
(1) Aquatic Ecosystem Model
(2) Statistical Models
(3) Finfish Metabolic Stress Analysis
Analyzing the Estuarine Complex
Synthesis of Competing Estuarine Responses -
Determination of Freshwater Inflow Needs
(1) Estuarine Inflow Model
(2) Model Interactions

vii

Page
ciii

v

I-1
I-1
I-1
L 1-2

I-3
I-3
I-4
I-5
1-6
-7

II-1
II~1
I1-1
I1-1
I1-1
II-1
I1-2
I1-2
I1-4
I1-4
I1~7
I1-9
I1-9
II-10
II-10
II-10
I1-11
I1-13
II-13
II-13
T1-14
TI-14
I1-16
TI-16
II-18
II-18
I1-19
I1-19
I1-19
1I-20
I1-20
IT-20



TABLE OF CONTENTS-—Continued

~.Chapter ‘ ; Page
Techniques for Meptlng Freshwater (
Inflow Needs | I1-21
(1} Freshwater Inflow Management . I1-21
Water Rights Allocation i I1-21
Operatlons of Upstream Reservoirs
in Contributing Basins I1-22
(2) Elimination of Water Pollutants I1-23
{3) . Land Management I1-23
Summary I1-23
III. Description of the Estuary and the Surrounding Are€d....eeevessess I1I~1
Physical CharacteristicS..ieeeesieeesceass P I Y Kl
Introduction ' . ITI-1
Influence of the Contributory Basins _ I1I1~1
Geological Resources ' I11-5
Sedimentation and Erosion IT1I-5
Mineral and Energy Resources , I11-11
Groundwater Resources II1-11
Natural Resources : ] ITI-15
Data Coliection Program I11-17
Economic CharacteristicS..cveevciveneraanss sesscsseearsonass LII-21
Socioceconomic Assessnent of Adjacent Counties ITI-21
Population II1-21
Employment I11-21
Industry ) I11-21
Agriculture D ITT-25
Summary : IT1-25
Economic Importance of Sport and Commercial Fishing III-25
Introduction I11-25
Sport Fishing Data Base ITI-25
Sport Fishing Visitation Estimation Procedures II1-26
Sport Fishing Visitation Estimates I11-28
Sport Fishing Visitation Patterns III-28
Sport Fishing Direct Expenditures ' I11-30
Sport Fishing Economic Impact Analysis III1-30
Economic Impact of Commercial Fishing ' ITI-35
Summary of Economic Importance of Sport and
Commercial Fisheries I11-35
IV. Hydrologye.ceieesvivoesns trestiassasssetanen caeas teseetanssrsssnane IV-i
INtroduCtiON.seseesssssscssensocsasancans tesesssessansersas IV-]
Freshwater INflOWS.iieeenenananase terrancsnseacsssaansaarss IV-]
Gaged Inflow, Laguna Madre Estuary v-1
Ungaged Runoff Contributions Iv-1
Ungaged Return Flows ' ' v-4
Combined Inflow -4
Precipitation on the Estuary -4
Total Freshwater Inflow v-9
Bay Evaporation Losses Iv-9
Freshwater Inflow Balance w-9

viii



TABLE OF CONTENTS-—Continued

ix

Chapter , Page
o
. Variations in Inflow Components through :

Drought and Flood Cycles ' v-9
Quality of Gaged Inflows, Laguna Madre Estuary ......... eess IV-9
Quality of Estuarine WaterS.....eeeescesesosss cererensaans . V=12

Nutrient Concentrations in the Laguna ‘

Madre Estuary ‘ N w-12

Methodology V=17

Results and Conclusions v-21

Total Nitrogen Iv-21

.Total Phosphiorus v-21

Total Organic Carbon v-23

Total Kjeldahl Nitrogen v-24

Heavy Metals w-24

Herbicides and Pesticides Iv-25
V. Circulation and Salinity...cceeeecss. crieennas esessssssenssnsssasss VI
Introduction. sieesseaaans eeeanas cearannn R
Descrlptlon of the Estuarine MathematlcalIWodels........... -1
_ Description of Modellng Process V-1
Mathematical Model Development V-2
Hydrodynamic Model V-2
Conservative Mass Transport Model ‘ V-6

Application of Mathematical Models, Laguna Madre

= oh T crerecene ceoesaisenes V-7

Hydrodynamic and Mass Transport Models ‘ V-7

Freshwater Inflow/Salinity Regre551on Analysis V-7
(3011111172 o R Ceeeeaas veasess vesneenes seseneses V=12

VI. Nutrient PrOCESSES...sessesesstssassssssssnssansssssnss csesnioaes VI-1
Introduction.cesssscsnes reasranean ciseeanae e tescsansseseanne vi-1i
_Nutrient Loading...... terettesceerctrrecasnssacnascsananees VI™2

Gulf Exchange : vI-2

River Inputs vi-2

Nitrogen Fixation VI-3

Other Nutrient Sources VI-6

-Nutrient Cycling V1i-6

Seagrasses vVi-6

FPlankton VI-10

Benthos vi-10

. Birds-and Fish . vI-10

SUMMAL Y« s s s esssss- creaae Fereraen R 2 S5

VII. Primary and Secondary Bay Production...cceesseas sesreesssnesasans VII-1
Introduction...... theseseserrsaanas cesenas ceenes Chessessseas VII-1

Data Collection ) VII~]

. Phytoplankton., .iceeeens, tareaunanenan fersaeas certrasea veees VIT-4

Upper Laguna Madre ' vIii-4

Lower Laguna Madre VII-4

Discussion VII-11



TABLE OF QONTENTS—-—Continued

Chapter ' ' " Page
ZoOPlanKioN, ccve ittt it c it ittt treassnrtsessrtans ees. VII-13
Upper Laguna Madre ’ ' VIT-13
Lower Laguna Madre ' VII-14
Discussion - ' VII-16
Marsh Vegetative Production........ cresssssnesissasssssssas VII-16
Seagrass Productivity VII-18
Algal Mat Productivity VII-21
Mangrove Productivity : VII-21
Discussion o VII-22
BeNthOS.useeessensoncsnsasasosssssnasasonns R crrarenaas VII-22
Upper Laguna Madre : VII-22
Lower Laguna Madre ' ‘ VII-24
Discussion VII-25
SUMMAY Y« « e esavecesonsscsososcsacenacnnas cecsessecsscenssanses VII-28
VIII. Fisheries civiiviviiinnirinnnnns feesasaen Cheeaessresecessasesnanan VIII-?
IntroduCtion. coeviveveneroanes crennn teesssssssssssrsananss s VIII-1
Data and Statistical Methods...c.viveenn eeane raesssasan «s JVITI-2
Fisheries Analysis ResSUlLS.ciiereeatennsnsassessensensnsaeassVIII-13
Shellfigh : ' VIIiI-13
411 Penaeid Shrimp - VIII-16
White Shrimp : : VITII-19
Brown and Pink Shrimp ' VIII-19
Blue Crab ‘ - VITI-24
Bay Oyster ‘ ’ VIII-24
Finfish ‘ ' VIII-24
Spotted Seatrout VIII-30
Red Drum VIII-30
Black Drum VIII-37
Fisheries Component Summary VIII-37
Freshwater Inflow Bffects...ccivverreenncenrasasrsssscennes VIII-42
Introduction VIIi-42
Shrimp VIII-42
Blue Crab ‘ VIII-44
Bay Oyster VIII-44
Finfish VIII-44
Spotted Seatrout VIII-45
Red Drum VIII-45
Black Drum ' VIII-46
Harvest Response to Long and Short Term Inflow..... seseeee VIII-46
SUMMAYY.eeusaasananaas S rtedesanr s ertsress tererravarees VIII-48
IX. Estimated Freshwater Inflow NeedS..ieeeeeeestvesoanens banerranan IX-1
' Introduction. cseeeiaenaeraraansssessssssasacnns eseesesaas IX-1
Methodology for Estimating Selected Impacts :
- of Freshwater Inflow Upon Estuarine Productivity........ IX-1

Application of the Methodology to Compute
© Estimates of Freshwater Inflow Levels
Needed to Meet Selected ObjectiveS.i.iveeneserssscsssass IX-1



TABLE OF CONTENTS--Continued

Chapter ‘ Page
Salinity Bounds for Fish and Shellfish Species IX-3
Monthly Salinity Conditions IX-7
Marsh Inundation Needs ' IX-8
Estuarine Mathematical Programming Model Description IX-8
Specification of Cbjectives IX-8
Computation Constraints for the Nbdel : IX-9
Alternative Estuarine Objectives IX-9
+,Alternative I: Subsistence IX-11
Alternative II: Maintenance of Fisheries
Harvests IX-17
Alternative II1: Finfish Harvest Enhancement IX-22
SUMMAYY s esescsoscasasness Mt reesestacsarasnanes teneevese IX—28
Blbllography.....a ........................... ceiisaaa esessarsannn X-1

x1



1-1

1-2

2-1.

2-2

2-3

2-5

2-6

34

3-2

3-3

3-6

3-7

3-9
3-10

3-11

TABLE OF CONTENTS-——Continued

;. Page
. FIGURES
Predicted Annual Commercial Fisheries Harvest and

Estimated Inflow Needs under Three Alternatives

for the Laguna Madre EStUAry..euiiecessscarossssascnnanse -8
Estimated Monthly Freshwater Inflow Needs for the

Laguna Madre Estuary Under Alternatives I, II,

I I-9
Locations of Texas EstuarieS......... eessessasas ceenssaes II-3
Compbnent Schematic Diagram of a Generalized Texas

Estuarine ECOSYSteMe v ieetearissecacisassssssnnns e II-5
Species Composition of Estuarine Environments........ eese II-6
Simplified Trophic Relationships in a Texas Estuary...... I1-8
Flow Diagram of Model Develomment. . veeeereoeeonceves . IT-12
Typical Variation of Freshwater Inflow Versus

Salinity in a Texas EStUary..eececessesecssssasanaanns . I1-15
Zonation of a Salt Marsh in a TeXas EStUAIY...eeeeesesses 1I-17
Laguna Madre EStUary..eveeesessescsncesnsssannnsnsns vrees ITI-2
Basins Contributing to the Laguna Madre Estuary

Under Alternative I, II, TIl...esecceosssoeancscansnans I11-4
GEOLOGIC MAP: e s sseesenssanssnanssssscssanascnnsnnsnnsnnns 1II-7
Shoreline Physical Processes, Upper Laguna Madre

Estuary..eieseeecaas Mreaseteserranasann ctirresressecens II1-9
Shoreline Physical Processes, Lower Laguna Madre

EStUarY.e vt teriacnnncnan therectrestaestnsarecanes vees III-10
0il and Gas Fields, Upper Laguna Madre EStUary....eeceees I11-12
0il and Gas Fields, Lower Laguna Madre Estuary...... eses. III-13
Land Use/Land Cover, Laguna Madre Estuary....eceeieeece.. . III-14
Natural Resources, Laguna Madre EStUaryV...ssssssscssssane III-16
Data Collection Sites in the Laguna Madre Estuary........ ITI-18
Locations of Gaging Stations, Laguna Madre Estuary....... ITI-20

x1i



TABLE OF CONTENTS-—Continued

Page
FIGURES
Urgaged Areas Contributing to Laguna Madre EStuary.saesese. IV-5. '

Mont‘lly Distribution of Combined Inflow, Iaguna _
Madre Estuary, 19471-1976. .. .cirirtisresssasnea cesrraran .o V=T

Combined Monthly Inflow to the Laguna Madre Estuary
1941—1976' -------- 2 99 200000 5 s e e e s Eess LRI I N I L IV-B

Monthly Distribution of Total Freshwater Inflow,
Laguna Madre EStuary, 1941-1976..-;-.:-;-00 ------ I EE R RN IV—10

Data Collection Sites in the Laguna Madre Estuary.......... IV-i4

Aquatic Sampling Stations in the Lower Rio Grande Projéct
Area, July 1977, ceeeeennen reaseas IvV-15

Relationship. Between Tidal Hydrodynamic and Sal inity
Models........ saressesaersnaraens terseeecenas cisernases V-3

Concéptual Illustration of Discretization of a Bay.eaesaess V-5

Average Monthly Salinity versus Average Monthly

Gaged Inflow, Baffin Bay’ 1940—1976..000 ------- tevereaase VL11
Average ththly Salinity versus Average Monthly
Gaged Inflow, Lower Laguna Madre, 1941-1976...ccsvavncece V-14

Nitrogen Cycling in a Thalassia Seagrass Bed..... seessssess VI

Estuar ine Food-Web Relationships Between Important
Ecological GroupS..ccesecesasass saarennans sescasacasssass VII-2

Biological Sampl ing Locations in Upper Laguna Madre....w... VII-3

Dinoflagellate Densities (cells/liter) in Upper
Laguna Madre.....oeeees eersessas R SN retsaceaas VII-8

Diatom Densities (cells/liter) in Upper Laguna Madre....... VII-O
Avérage Spécies Diversities in Upper Laguna Madre....iee.e. VII-10
Lower Laguna Madre Commercial Shellfish Harvest as a

Function of Each Seasonal Inflow from Contributing

River and Coastal Drainage Basins, Where All Other

Seasonal Inflows in the Multiple Regression Equation .
are held Constant at their Mean ValueS.ceeeesacens vesases VIII~i5

x1ii



8-2

8-3

8-4

8-7

8-8

TABLE OF CONTENTS-—-Continued

- Page
FIGIRES

Of fshore Area No. 21 Commercial Penaeid Shrimp Harvest as
a Function of Fishing Effort and Each Seasonal Inflow to
Lower Laguna Madre, where all Other Variables Than the
Variable of Interest in the Natural Log Multiple’
Regression Equation are held Constant at their Mean
ValueS....oeeseas e taesasetnttantsssestananetssnnan sesses VIII-18

Offshore Area No. 21 Commercial White Shrimp Harvest
as a Function Fishing Effort and Each Seasonal
Inflow to Lower Laguna Madre, where all Other
Variables than the Variable of Interest in the
Multiple Regression Equation are held Constant
at their Mean ValueS...eveerenses ctversessernnea erersecens VIII-21

Of fshore Area No. 21 Commercial Brown and Pink Shrimp
Harvest as a Function of Fishing Effort and Each
Seasonal Inflow to Lower Laguna Madre, where Other
Variables than the Variable of Interest in the
Natural Log Multiple Regression Equation are held
Constant at their Mean ValueS......eeess ceetetecenana eeus VITI-23

Lower Laguna Madre Commercial Oyster Harvest as a
Function of Each Seasonal Inflow from Contributing
River and Coastal Drainage Basins, where all other
Seasonal Inflows in the Natural Log Multiple Regres—
sion Equation are held Constant at their
Mean ValuesS...cvierevicsncnsnsssonsnns e cans taeensses VIII-26

Laguna Madre Estuary Commercial Finfish Harvest as a
Function of Each Seasonal Inflow from Combined
. River and Coastal Drainage Basins, where all other
Seasonal Inflows in the Natural Log Multiple
Regression Equation are held Constant at
their Mean ValueS..iieiinveenas tececncacansas cteccsannnas VIII-29

Laguna Madre Estuary Commercial Spotted Seatrout Harvest
as a Function of each Seasonal Inflow from Combined
River and Coastal Basing, where all other Seasonal
Inflows in the Multiple Regression Equation are held
Constant at their Mean ValueS.. . vceinennenseins Crrrereraas VIII-33

Lower Laguna Madre Commercial Red Drum Harvest as a
Function of each Seasonal Inflow from Combined
River and Coastal Drainage Basins, where all
other Seasonal Inflows in the Natural Log Multiple
Regression Equation are held Constant
at their Mean ValueS. . ueeeesssersanarasesassstsssssansnanns VIII-36

Xiv



8-9

©9-1

9-5 +

9-9

9-12

TABLE OF CONTENTS-—Continued

FIGURES

Laguna Madre Estuary Commercial Black Drum Harvest as a
'Function of each Seasonal Inflow from Combined River
and Coastal Drainage Basins, where all other Seasonal
Inflows in the Multiple Regression Eguation are held

Pager

Constant at their Mean ValueS....eceesceeess cesnssssnssans .WIII-39

Diagram of Methodology for Estimating Estuarine
Freshwater Inflows Needed to Meet

Specified Objectives..... et itesaererssncssnennn carranenane

Average Montﬁly Salinities in Upper Baffin Bay

Under Alternative T....cceeeens teasesescean ceissmsasavans

Average Monthly Salinities at Intersection of Intracoastal

Waterway and Arroyo Colorado Under Alternative I.......

' Comparison Between Mean Historical Freshwater o

Inflow and Inflow Needs for Baffin Bay and Upper

Laguna Madre Under Alternative T......... ceresirearsianes

Comparison Between Mean Historical Freshwater
Inflow and Inflow Needs for Lower Laqguna Madre

Under Alternabtive T.i.eeeeesssosses cetsesssessanns cevreacen

Estimated Freshwater Inflow Needs for the Laguna
Madre Estuary Under Alternative I.i..veeererscnssccncaass

Comparison Between Upper Laguna Madre Historical
.Fisheries Harvests and Predicted Harvests Under

Alternative JT.veeeesnsrecesessasasans Geveseerscseratenaans

‘Comparison Between Lower Laguna Madre Historical

Fisheries Harvests and Predicted Harvest Under

LerNative T..eeesvevesoacasnoannscnnas reevessstesesanen

Comparison Between Laguna Madre Estuary Historical
Fisheries Harvests and Predicted Harvests Under

Alternative:[ --------- teses e s sasanrasen LR N N E R RN IR R

Average Monthly Salinity in Upper Baffin Bay

Under Alternative Il...eeceecceosanseccanan cesencasavesnsa

Average Monthly Salinities at Intersection of Intra-
coastal Waterway and Arroyo Colorado

Under Alternative IXl..ceeess teecessns cstsesssesssantane e

Comparison Between Mean Historical Freshwater Inflow
and Inflow Needs for Upper Laguna Madre and Baffin Bay

Under Alternative II.....eveneenn. Creeraereneeas raseens

b 4%

IX-2
IX-13
IX-13

IX-14

IX-14

IX-15



9-21

9-22

9-23
9-24

9-25

TABLE OF CONTENTS——Continued

Page

FIGURES

.Comparison Between Mean Historical Freshwater Inflow

and Inflow Needs 'for Lower Laguna Madre
Under Alternative II............. ceessnas P e IX-20

Estimated Freshwater Inflow Needs for the Laguna Madre
Estuary Under Alternative II......... cassas eesecactiasnae X-21

Comparison Between Upper Laguna Madre Historical
Fisheries Harvests and Predicted Harvests Under
Alternative II. --------------------- sse s et resse s Sesneusw Ix_21

Comparison Between Lower Laguna Madre Historical
Fisheries Harvests and Predicted Harvests Under :
Alternative IT..iesieviieennsnanans taceens eesssessesnees IX-23

Comparison Between Laguna Madre Estuary Historical
Fisheries Harvests and Predicted Harvests o
Under Alternative Il......cceeevinsanns vesecsesaas evensees IX-23

Average Monthly Sallnlty in Upper Baffin Bay Under
Altprnatlve III‘O. ------------- TR R R ET ) tr et r s ran IX-ZS

. Average Monthly Salinities at Intersection of Intra—

coastal Waterway and Arroyo Colorado Under
Alternative IIl...vcveivenneonnaensess cvscanven vesssessas IX-25

Compar ison Between Mean Historical Freshwater Inflow
and Inflow Needs for Upper Laguna Madre and Baffin Bay
Under Alternative III.......... vasessaae cesseses cevesnsas IN-26

Comparison Between Mean Historical Freshwater Inflow
and Inflow Needs' for Lower Laguna Madre Under
-Alternative TIl..eed i cinsensnnnntnas thisassenn eriesessse IX-26

Estimated Freshwater Inflow Needs for the Laguna Madre
Estuary Under Alternatlve III ................... carnaees I1X-27

Comparison Between Upper Laguna Madre Historical Fisheries
Harvests and Predicted Harvests Under
Alternative III-‘--‘--J’. ------------- o--obooov-o-oo-‘- nnnnn ’IX"‘27

Comparlson Between Lower Laguna Madre Historical Fisheries

Harvests ‘and Predicted Harvests Under
Aiternatlve III ----- Ve s s as s s e LEsenua AR R IX“29

Compar ison Between Laguna Madre Historical Flsherles

Harvests and: Predicted Harvests Under )
Alt@rnatlve III...--..- ------- LI I N I N A R ;on-o-c. ------ IX‘29

XV i,



3-7

3-8 .

TABLE OF CONTENTS-—Continued

TARBLES
Reservoirs of Contributing Basins, Laguna Madre '
Estuary ...... LI B I B N B L B B B B L BB " ¢ 2 e ed s s ‘..'..;...
Laguna Madre Estuary Gaglng Statlons ........... Ceeieenes

Populatlon Estlmates and Progectlons, Iaguna Madre
Estuary, 1970- 2030..... ........ cressasnas sresaacansanna

Employment by Industrlal Sector, Laguna Madre
. EBstuary, 1970......... rresana cessesssanas cesessrarerens

Earniugs by. Industrial Sector, Area Surrounding'
Laguna Madre Estuary, 1970, .0 ceivinnaene “esessanacsanna

Estimated. Seasonal Sport Fishing Visitation to the -
Laguna Ma.dre EStl.lary, 1976—]9770n-o-noo.o----oo.clo---ooo

Estimated Seasonal Sport Fishing Visitation Patterns
at Laguna Madre Estuary, 1976=1977. .. ccetiercecnenncans

.. Estimated Average Cost per Sport Fishing Party by

Type and Origin, Laguna Madre Estuary, 1976-1977.......

_Estimated Sport Fishing Expenditures by Season and

Flshlng Party Type Laguna Madre Estuary 1976- 1977.....

Estlmated Sport Flshlng Varlable Expenditures by
Sector, Laguna Madre Estuary, 1976— 1977................

Dlrect and Tbtal [Economic Impact from Sport Flshlng
Expendltures, Laguna Madre Estuary 1976— 1977...........

Direct and Tbtal Economlc Impact of Oamnerc1a1
Fishing in the Laguna Madre Estuary, 1976...... ciessanns

- Monthly Freshwater Inflow, Laguna Madre Estuary

1941‘1976--.-0-----. ----- LR N N E RN RN I I NN IR N AN A Y

Annuai Freshwater.Inflow, Laguna Madre Estuary -
1941 1976 Cecesestcanrasisasstsaseasarastratasatreena

,Runoff from Ungaged Areas, Laquna Madre Estuary....... e

Monthly.Inflows to the Laguna Madre Estuary for
Correspondlng Exceedance Frequencies...... . ereaese

,1968—1977 Historical Data Survey at USGS—TIMR and

Statewide Monitoring Network Data StationS..i.eveceeses

Xvii

Page

ITI-6

TII-19
III-22
ITI-23
ITI-24
I1I-29
III-31
I11-31
II1-32°
1IT-34
I11-34
ITI-36 .
-2

IV-3

V-6



6-3

7-1

TABLE OF CONTENTS——Continued

Page

TABLES
1980 Field Data Survey at Exchange PointS........ seesres. IV-18
1979-1980 Field Data Survey at USGS-TDWR Lines Sites..... TV-19

Summary of Average Nutrient Concentrations in Water
Samples by GeographiC Ared.ieecesseresssssssssns esseess IV-20

Comparison of Historical Mean Nutrient Concentrations
with 1979<1980 Field Data Mean Nutrient
ConcentrationS:ceeseesssossesasasnnsns sesaee sessssssnsas IV-22

Ranges of Concentrations for Metals in Sediment

Compared to USEPA (1974) Dredge Criterid.ccees.. veeeese IV-26
Range of Pesticide Concentrations in Sediment,

Laguna Madre Estuary, 1969-1975. ... 0cctciiannn ceeenans IV-27
Description of Data for Regression AnalysSiS...... R S |

Results of Salinity Regression Analysis, Upper
Baffin Bay --------------------- R R R R R R T Y KX V‘]O

Results of Salinity Regression Analysis, Lower
Laguna Madre ......................... sescesracnana vV-13

Nutrient Loadlng in the Laguna Madre Estuary
from Freshwater INflowS..eeeesss I "4 R

Yearly Nutrient Loading in the Laguna Madre Estuary
from Freshwater InflowS.esevenneennnenns Ceeseaseesanaan VI-5

Nutrlent Exchange Rates for Two Seagrass Species
During Low Growth and Decline Periods.....;, ........ ees VI-9

Descriptions of Aguatic Sampling Statlons in the Lower
Rio Grande Basin Project Ared...ceeesssccescascs eeess VII-S

Summary of Phytoplankton Occurrence in the Lower Rio
Grande Basin Project Are@..ecessssecses teeresseerens VII-12

Summary of Zooplankton Collected in the Dower Rio Grande
Basin Project Ared..cicveeersecceoaaionss cssacssraana VII-15

Range of Mean Monthly Zooplankton Densities in Texas
13223 o8 =) s == anrresruana VII-17

Salinity and Temperature Tolerances of Some Seagrass
SpeCieS.......-.. ---------------- D N N R ) \TII_IQ

Xv1iii



7-6

7-8

B8-1

8-6

8~7

8-8

8-9

8-10

8-11

8-12

TABLE OF CONTENTS-—Continued

Page
TABLES
Primary Productivity in the Laguna Madre Estuary........ VII-23
Characteristic Mollusks of the Northern Portion of
Lower Laguna Madre..... tetessenetestesssaannannn eres VII-26
Characteristic Benthic Species of the Extreme End
of the Lower Laguna Madreiecseesecssesscsssnnas evees VII-27

Commercial Fisheries Harvests in Baffin Bay and Upper
Laguna Madre, 1962-1976....ccucesccearesasascnvacnssas VIII-4

" Commercial Fisheries Harvests in Central and Lower

Laguna Madre’ 1962_}976 ------------- LR R I N NS NN IR RO VIII_S

Commercial Penaeid Shrimp Harvests in Laguna Madre _
and Offshore Gulf Area No. 21, 1959-1976.......00.0tne VIII-6

Seasonal Volumes of Freshwater Inflow Contributed
to Baffin Bay and Upper Laguna Madre, 1959-1976....... VIIT-7

Seasonal Volumes of Freshwater Inflow Contributed to
Lower Laguna Madre, 1959-1976......c00ctvuncennsaaeas. VIII-9

Seasonal Volumes of Combined Freshwater Inflow
Contributed to Laguna Madre Estuary, 1959-1976........ VIII-10

Time Series Alignments of Dependent/Independent Data
Variates for Fisheries Regression AnalysSiS....c.ceeese. VIII-11

Equations of Statistical Significance Relating the
Shellfish Fisheries Component to Freshwater
Inflow CategoriesS. i eieicieecssnsnnas seesessssrasess VIII-14

Equations of Statistical Significance Relating the
All Penaeid Shrimp Fisheries Component to Fresh-
water Inflow CategoriesS.iceeeersesarssssascessasans vees VIII-17

Equations of Statistical Significance Relating the
White Shrimp Fisheries Component to Freshwater Inflow
Categories llllllllllllllllllll LR B BN Y R B RE BB IR I B R B B BN B R B BN ) VIII-ZO

Equations of Statistical Significance Relating the
Brown and Pink Shrimp Fisheries Component to Freshwater
Inflow Categories.ccieiecencinnnns sacevavrsaanrenenness VIII=22

Equations of Statistical Significance Relating the

Bay Oyster Fisheries Compeonent to Freshwater Inflow
Categories..... cetsarecersanan cresasesetresanas ceseses VIII-25

Xix



8-14

8-15

8-16

8-17

8-18

8-19

9-1

TABLE OF CONTENTS——~Continued

TABLES

Equations of Statistical Significance Relating the
Finfish Fisheries Component to Freshwater Inflow
CAtegOr IE S s s rernensnrsssssasasessssssnsnsrsssnsnanssens

Equations of Statistical Significance Relating the
Spotted Seatrout Fisheries Component to Freshwater
Inflow CategorieS.iieeiiiiesesacara cecesatatrrsreatnass

Equations of Statistical Significance Relating the Red
 Drum Fisheries Component to Freshwater Inflow
CategorieS.esrsrrescennass teeatarsanresresesaterttcasenna

Equations of Statistical Significane Relating the Black
Drum Fisheries Component to Freshwater Inflow
Categories...... tererrsesssesseatsstatasarannaa ceeacns

Rositive (+) and Negative (-) Correlation of
Fisheries Components to Seasonal Freshwater
- Inflow CategorieS.ceseeessenssein terersreasitsseananns

Comparison of Short-Term and Long-Term Seasonal
Inflow Volumes, Including Inflow Exceedance
Frequenc1es ................... sessesacretarananaasa eeas

Estimated Average Harvest Responses from Fisheries
Component Equations Using Short-Term Inflow,
Long-Term Mean Inflow and Long—Term 50 Percent
Exceedance Frequency Inflow.. O ceeveenons

Salinity Limits, Preferences, and Optima for
Selected Texas Estuarine-Dependent SpecCieS...icisacsas

Salinity Characteristics of Upper Baffin Bay
and Lower Laquna Madre at the Arroyo Colorado
and the Intracoastal Waterway....iceiiesevecoons PR

Criteria and System Performance Restrlctlons for the
Selected Estuarlne Alternatlves ................ ceseoes

Freshwater Inflow Needs of the Laguna Madre Estuary

Under Alternative T...eeeecacees D

"Freshwater Inflow Needs of the Laguna Madre Estuary

Under Blternative IT.....ecerorssasssanasrssssssasoass

Freshwater Inflow.-Needs of the Laguna Madre Estuary
Under Alternative IIl,...eeeeeeananccass ceerieasaaaas .

XX

Page

VIII-31

VIII-38

VIII-49

IX-4

IX-6

IX-10

IX-12

IX-18

IX-24



ACKNOWLEDGEMENT'S

Project Supervision - Administrative Staff

Executive Directors Office - Seth C. Burnitt

Planning and Development ~ Herbert W. Grubb, Director
Division - William A. White, Assistant Director
Engineering and Environmental ,
and Systems Section - Quentin W, Martin, Chief
Economics, Water Requirements
and Uses Section - Gerald Higgins, Chief

Report Preparation

Editing: Leon Byrd Drafﬁing: HNancy Kelly
Charles Chandler Lerov Killough
Linda M, Terpstra

Computer

Typing: Donna Tiemann Graphics: Roger Wolff
Other Nick Carter

. Technical Wilev Havdon
Proofing: Leon Byrd Assistance:

Chapter Authors:

Chapter I - Summary Chapter. VI - Nutrient Processes
Numerous Contributors David Brock
Gary Powell
Chapter II - Concepts and Methods
Quentin Martin Chapter VII - Primary and Secondary
Gary Powell Bay Production
David Brock
Chapter III - Description of the Estuary
and the Surrounding Area Chapter VIII - Fisheries
Leon Byrd Gary Powell
Jan Knox
Butch Bloodworth Chapter IX - Estimated Freshwater
Inflow Needs
Chapter IV - Hydrology Quentin Martin
Gary Laneman Gary Powell
Stuart Madsen ' Gordon Thorn
Chapter V.= - Circulation and Salinity

Gordon Thorn
Quentin Martin

The Department wishes to particularly thank Dr. Leon S. Lasdon for kindly
providing a copy of the GRG2 computer program, which was used in determining
the freshwater inflow needs.

xxi



SUMMARY -

Concepts and Methods

The prov151on of suff1c1ent freshwater inflow to Texas bays and estuarles

is a vital factor in maintaining estuarine productivity, and a factor contri-
buting to the near-shore fisheries productivity of the Gulf of Mexico. This
report analyzes the interrelationships between freshwater inflow and estuarine
productivity, and establishes the seasonal and monthly freshwater inflow
needs, for a range of alternatlve management .policies, for the Laguna Madre
estuary, of Texas..
o, ,-Simplifying -assunptions. must be made -in order to -estimate freshwater
.inflow requirements necessary to maintain Texas estuarine ecosystems. A basic
-pranise used in this report is that freshwater inflow-and estuarine producti-
.vity can-be examined through  analysis of certain "key indicators." The key
physical and chemical indicators include freshwater inflows, circulation and
salinity patterns, and- nutrients. Biological indicators of estuarine
productivity include - selected cammercially important species. Indicator
species are generally chosen on the basis of their wide distribution through-
out each estuarine system, a sensitivity to change in the system, and an
appropriate, life cycle ‘to facilitate .association of the organism. with the
.estuarine factors, particularly seasonal freshwater inflow.

Descrlptlon of the Estuary and the Surroundlng Area

The Laguna Madre estuary 1ncludes Arroyo Colorado, Laguna Madre, and
Baffin Bay. Laguna Madre estuary is divided into upper {(northern) and lower
(southern) parts by a "land bridge" of sand dunes some 60 miles south of the
city of Corpus Christi. About 10,442 square miles (27,045 km2) of Texas,
consisting of the Nueces-Rio Grande Coastal Basin, drain into the estuary,
although a large portlon is essentlally non—contributing to thlS estuary
(Flgure 4-1)., , , _ . b

thtle or no marsh developnent occurs 'in the upper reaches of Baffin Bay
This -area is occupied by extensive wind-tidal. flats. Mainland shorelines in
Baffin- Bay-and upper Laguna.Madre are generally in a state of erosion; whereas
the barrier island shoreline. of Laguna Madre and most of the rnamland shore-
line of lower Laguna Madre is depomtlonal : :

Land use in the dralnage area 1s dcmmated by agricultural and ranchmg
activities. Cotton, grain 'sorghum, fruits, and vegetables are the principal
irrigated crops.

The Laguna Madre estuary supports a significant portion of the commercial
fishing industry in Texas.. The average annual caummercial (estuarine and gulf)
fisheries harvest B dependent: upon the Laguna Madre estuary was 4.8 million
pounds (2.2 million kg) of finfish and shellfish during the 1972-1976
interval. Finfish, particularly red drum, black drum, and seatrout,



constitute the majority of these commercial landings, accounting for 86
percent of the total harvest weight.

Fishing resources of the Laguna Madre estuary included many of the fish
species preferred by sport fishermen. The method of input-output anaysis was
used to calculate the economic impact of sport -fisheries activities. The
results show that sport fishing expenditures (excluding fishing tackle and
equipment) in the local area exceed $8.68 million per year. In .addition,
there was an estimated $1.04 million per year spent outside the region, but
within Texas, as a result of the sport-fishing activity around this estuary.

Hydrology

Sources of freshwater inflow to the Laguna Madre estuary include gaged
inflow from the contributing rivers and streams; ungaged runoff; return flows
from municipal, industrial and agricultural sources; and direct precipitation
on the estuary. Measurement of freshwater inflow adds to the understanding of
inflow timing and volumes and their influence on bay productivity. To acquire
accurate inflow measurements, gaged stream flows require adjustment to reflect
any withdrawals or return flows downstream fram gage locations. Ungaged run-
off is estimated by coamputerized mathematical models that were developed,
calibrated, and verified using field data. - Rainfall is estimated as a
distance-weighted average of the daily precipitation recorded at weather
stations surrounding the estuary.

"Freshwater inflows in terms of annual and monthly average values over the
1941 through 1976 period varied widely from the mean as a result of recurrent
drought and flood conditions. On the average, the total freshwater inflow
(excluding direct precipitation). to the Laguna Madre estuary (1941-1976)
consisted of 690 thousand acre-feet (851 million m3) annually, of which an
estimated 330 thousand acre—feet (411 rnllllon m3) was contributed from gaged
dramage areas., -

Water quality of gaged inflows varies significantly due to the intermit-
tent nature of stream flow and the phenomenon of the first flush during a
major rain. : .

Studies of past water quality in and around the estuary have pinpointed
the occurrence of heavy metals in sediment samples as a significant concern.
Locally, bottom sediment samples have exceeded the U.S. Envirommental
Protection Agency criteria for metals in sediments (prior to dredging) for
arsenic, cadmium, mercury and zinc. Bottom sediments collected and analyzed
during the period 1969 through 1979 for herbicides and pesticides showed DDD,
DDE, and lindane occurring in some local areas in concentrations equal to or
greater than the analytical detection limit of the laboratory test procedures
used. .

Circulation and Salinity

The movements of water in the shallow estuaries and embayments along the
‘Texas Gulf Coast are governed by a number of factors, including freshwater



inflows, .prevailing. winds, and tidal currents. An adeguate understanding of
mixing and physical exchange in these estuarine. waters is fundamental to the
assesgment of the physical, chemical, and blologlcal processes governlng these
lmportant aquatic systems.

To fully evaluate the tidal hydrodynamm and sallnlty transport charac~
teristics of estuarine systems using field data, the Texas Department of Water
Resources developed digital mathematical models representing the important
mixing and physical exchange processes of the estuaries. These models are
designed to simulate the tidal circulation patterns and salinity distributions
in shallow, irregular, non-stratified estuaries. Physical data collected in
this estuary are currently being utilized to calibrate and verify the models
for the Laguna Madre estuary.

Statistical analyses were also undertaken to quantify the relationship
between freshwater inflows from the contributing drainage areaand salinities
at selected points in Baffin Bay and lower Laguna Madre. Utilizing gaged
~daily river flows and observed salinities, a set of monthly predictive salini-
ty equations were derived utilizing regression analyses for two areas of the
estuary: (1) a point in the western end of Baffin Bay and (2) at the inter—
section of the Intracoastal Waterway and the Arroyo Colorado. These equations
enable the prediction of the mean monthly salinity as a function of the mean
monthly freshwater inflow rate.

- Nutrient Processes

The factors controlling nutrient dynamics in Laguna Madre involve both
the cycling and regeneration processes within the animal and plant camwmuni-
ties, and nutrient inflows to the estuary via terrestrial drainages. 'The
rates of nutrient loading from the river and coastal drainages of the Laguna
Madre are variable, dependlng on local weather events and tropical storms.
The aridity of the region is reflected in the low levels of nutrient input
commonly asssociated with low freshwater inflows. Therefore, cycling of
nutrients within the seagrass communities becames particularly important in
this estuary. Specifically, the seagrass beds demonstrate nitrogen fixation,
recovery of nutrients from the sediments, and transfer of nutrients to
economically valuable species - through both detrltal and herbivorous- {grazing)
food chains.

Limited data on nutrients within the system and an incamplete under-—
standing of transfer rates within the community have hindered a more thorough
analysis, but from the data available it appears that the dynamics of
nutrients within seagrass beds is very important to the estuarine system.

Primary and Secondary Bay Production

Community composition, dlStl‘_‘lbuthI’l, abundance, and seascnality of phyto-
plankton, zooplankton, aquatic macrophytes, and benthi¢’ invertebrates of the
Laguna Madre estuary were employed as "indicators" of primary and secondary
productivity. The estuarine communities were typical in that they were
composed of a mixture of endemic species (i.e., species restricted to the



estuarine zone) and marine species plus several species with the osmoregula-
tory capabilities for penetrating from the freshwater envirorment.

Extreme fluctuations in salinity, in response to fluctuations in fresh
and salt water inflows, are cited as a major factor in the low diversity of
some groups of organisms in Laguna Madre. This has resulted in shorter food
chains and a high rate of transfer of solar energy through these food chains
to species of caommercial importance. Variation in salinity also affects the
productivity of Laguna Madre through (a) limitations of mangroves, {b) succes-
sion from one species of seagrass to another, (c¢) succession in types of
phytoplankton and zooplankton species from euryhaline to marine forms, and (d)
limitation on distributions of benthic algae and invertebrates.

Thus changes in the overall salinity regime of Laguna Madre would primar—
ily result in a succession in species types among the various canmunities.
This would change some aspects of the food webs present, though with changes
occurring at so many places in the biologic framework it would be hard to
predict overall effects of salinity changes on the productivity of the total
system.

Fisheries

Virtually all of the coastal fisheries species in the Gulf of Mexico are
estuar ine—dependent. Commercial inshore harvests (1962-1976) from lower
Laguna Madre rank first in finfish and eighth in shellfish, while upper Laguna
Madre ranks second in finfish and seventh in shellfish harvests of eight major
Texas estuarine areas. In addition, the sport or recreational finfish harvest
is approximately 1.5 times larger than the estuary's cammercial finfish
harvest. For the 1972 through 1976 interval, the average annual sport and
cammercial harvest of fish and shellfish dependent upon the Laguna Madre
estuary is estimated at 7.3 million pounds (3.3 million kgy; 12 percent shell-
fish). :

Although a large portion of the fisheries production in each Texas
estuary 1s harvested offshore in collective association with fisheries pro-
duction from other regional estuaries, inshore bay and lagoon harvests can be
useful as relative indicators of the year to year variations in an estuary's
fisheries production. These variations are affected by the seasonal quanti-
ties and sources of freshwater inflow to an estuary through ecological
interactions involving salinity, nutrients, food (prey) production, and
habitat availability. The effects of freshwater inflow on lower Laguna Madre
are also reflected in the offshore harvests of the penaeid shrimp fishery.
Therefore, the fisheries species can be viewed as integrators of their
enviromment's conditions and their harvests used as relative ecological
indicators, insofar as they reflect the general productivity and "health" of
an estuarine ecosystem.

A time series analysis of Laguna Madre's cammercial inshore (bay and
lagoon) fisheries landings (1962 through 1976) and the cammercial penaeid
shrimp harvests (including Offshore Gulf Area No. 21, 1959 through 1976)
produces 19 statistical regression equations that estimate harvest as a
function of seasonal freshwater inflows to the Laguna Madre estuary. These
statistical relationships provide numerical estimates of the effects of
variable seasonal inflows contributed from the major freshwater sources on the
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cammercial harvests of seafood organisms dependent upon the estuary. ‘The
‘analysis also supports existing scientific information on the seasonal
importance of freshwater inflow to the estuaries. -

There are 13 significant harvest relationships to winter (January-March)
inflow obtained from the analysis and eight (62 percent) of these are positive
harvest responses associated with larger winter inflows, especially increased
inflow to lower Laguna Madre. Negative harvest responses to winter inflow
result from the brown and pink shrimp fisheries camponent in upper Laguna
- Madre, and lower Laguna Madre's shellfish, bay oyster, and black drum fisher-
ies components.” Positive fisheries harvest responses to upper Laguna Madre
spring (April-June) inflow account for half of the ten significant harvest
relationships to this season's inflow. Eleven (79 percent) of the 14 signi-
ficant harvest responses to summer (July-August) inflow are positive.. Excep-
tions include the negative harvest response of penaeid shrimp to upper Laguna
Madre inflow, and the negative harvest responses of white shrimp and red drum
"to lower Laguna Madre inflow . during this season. Harvest responses. to the
tropical storm dominated autumn (September-October) season inflows are
negative only for the black drum fisheries component, -which . is in particular
contrast to- the strong positive relationships -exhibited: by the red drum
camponent.  All of the eight significant harvest responses to late  fall
{November—-December) inflow are negative, except for the single positive
response of inshore penaeid shrimp harvests to this season's upper Laguna
Madre inflow. : : .

Where the estimated seasonal inflow needs of the fisheries components are
similar, the camponents reinforce each other; however, where camponents are
competitive by exhibiting opposite seasonal inflow needs, a management
decision-must be made to balance the divergent needs or to give preference to
the needs of a particular fisheries camponent. A choice could be miade on the
basis of which. species' production is more ecologically characteristic and/or
economically important to -the estuary. Whatever the decision, a freshwater
inflow management regime can only provide an opportunity for the estuary to be
viable and productive because there are no guarantees for estuarine producti-
vity based .on inflow alone, since many other biotic and abiotic factors are
capable of influencing this production. These other factors, however, are
largely beyond human control, whereas freshwater inflow can be restricted by
man's activities so that fish and wildlife resources are adversely affected.

Estimated Freshwater Inflow Needs

A methodology is presented which combines the analyses of the canponent
physical, chemical -and biological elements of Laguna Madre estuary into a
sequence of steps which results in estimates of the freshwater inflow needed
to achieve selected salinity and commercial fishery harvest objectives.

. Monthly mean salinity limits are established at locations in the estuary
" near the freshwater inflow points to Baffin Bay and lower Laguna Madre. These
upper and lower limits on monthly salinity provide a range within which viable
metabolic activity of the resident organisms can be maintained and the median
monthly (1941-1976) historical salinity conditions are not exceeded.



The river deltas in Laguna Madre are limited in areal extent and
relatively insignificant nutrient sources campared to the vast seagrass beds
within the estuary. As a result, no inflow reguirements for riverine marsh
inundation are specified for Laguna Madre.

Evaluation of Estuarine Alternatives

Estimates of the freshwater inflow needs for Laguna Madre estuary were
canputed by representing the interactions among freshwater inflows, estuarine
salinity, and fisheries harvests within an Estuarine Mathematical Programming
Model. The model camputes the monthly freshwater inflows fram the Baffin Bay
drainage area, and the Arroyo Colorado and North Floodway which best achieve a
specified objective.

The monthly freshwater inflow needs for Laguna Madre estuary were
estimated for each of three alternatives. These alternatives are intended to
demonstrate the method of estimating freshwater inflows and are by no means
the only alternatives possible. Gulf Offshore Area No. 21 mentioned below
refers to the area extending approximately 30 miles offshore and bounded by
latitudes 26°N, 27°N, longitude 96°30'W, and Padre Island.

Alternative I (Subsistence): minimization of annual combined freshwater
inflow to the estuary while meeting salinity viability limits;

Alternative IT (Maintenance of Fisheries Harvests): minimization of
annual cambined inflow to the estuary while providing freshwater
inflow sufficient to give predicted annual cammercial bay harvests
separately for both the upper (including Baffin Bay} and lower
(including Gulf Offshore Area No. 21) portions of the estuary for
red drum, seatrout, black drum, white shrimp, brown and pink shrimp
and bay oysters at levels no less than their mean historical 1962
through 1976 values and meeting viability limits for salinity; and

Alternative III {Harvest Enhancement}: maximization of the total annual
cammercial bay harvest of all finfish in upper Laguna Madre and of
all shrimp in Gulf Offshore Area No. 21 while meeting salinity
limits and utilizing annual cambined inflow to the estuary at a
level no greater than the average annual historical inflow over the
1941 through 1976 period. A further constraint 1is that the
predicted total annual cammercial finfish harvest in lower Laguna
Madre be no less than the mean 1962 through 1976 historical
harvest. -

Under Alternative I (Subsistence), the Laguna Madre system, which has
functioned as both a commercial shellfish and finfish producing system in the
past, can continue to be an important fisheries producing estuary with
substantially ‘less freshwater inflow. Freshwater inflows totaling 344
thousand acre-feet (424 million m3} annually are predicted to satisfy the
basic salinity gradient, with a resulting predicted increase in cammercial
finfish bay harvests of 9 percent and a 12 percent decrease in shrimp harvest
{including shrimp from Gulf Offshore Area No. 21) from the average annual
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harvest for the period 1962 through 1976 (Figure 1-1). This annual inflow is
approximately 50 percent of the 1941 through 1976 historical average inflow.

Under Alternative II {Maintenance of Fisheries Harvests), the predicted
annual commercial bay harvests of red drum, spotted seatrout, black drum,
white shrimp, brown and pink shrimp, and bay oyster are predicted to be at
least as great as their historical 1962 throuwgh 1976 average levels. The
salinity limits are also satisfied. The estimated total annual freshwater
inflow need is 578 thousand acre—feet (713 million m3), or 84 percent of the
average annual inflow over the period 1941 through 1976 (Figure 1-1). The
canbined predicted annual finfish and shellfish cammercial harvest is 11.2
million pounds (5.1 million kg), or five percent higher than the 1962 through
1976 annual average.

Under Alternative ITI (Harvest Enhancement), the cambined annual fresh-
water inflow need is computed at 602 thousand acre-feet (743 million m3),
distributed in a seasonally unique manner, to achieve the objective of
maximizing the total annual predicted cammercial bay harvest of finfish in
upper Laguna Madre and shrimp in Gulf Offshore Area No. 21 (Figure 1-1). This
inflow regime is 87 percent of the 1941 through 1976 average annual inflow.
This objective is achieved with a predicted 40 percent increase in the annual
finfish bay harvest, above average historic 1962 through 1976 levels, and an
estimated gain of approximately 19 percent in total cammercial shrimp harvest.
The total predicted annual commercial fisheries harvest is 23 percent greater
than the 1962 through 1976 average.

The monthly distribution of the inflows for each of the Alternatives and

the average historical monthly inflows for the period 1941 through 1976 are
given in Figure 1-2.

Significance of Freshwater Inflow Need Estimates

The estimated monthly freshwater inflow needs derived in this report are
the best statistical estimates of the monthly inflows satisfying specified
objectives for bay fisheries harvest levels and salinity regimes. These
objectives cover a range of potential management policies.

Freshwater inflows to Texas estuaries vary widely both seasonally and
yearly. Consequently, large fluctuations in inflows will continue regardless
of any freshwater inflow maintenance criteria that may be established. Some
provision should be made, however, in any estuarine management program to
prevent an increase (over historical levels) in the frequency of low inflows
detrimental to the ecosystem and its. resident aquatic organisms.
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CHAPTER 1II

CONCEPTS AND METHODS FOR DETERMINING THE INFLUENCE
OF . FRESHWATER INFLOWS UFON ESTUARINE HCOSYSTEMS

Scope of Study

. Senate Bill 137 (64th Texas Legislature) mandates a camprehensive study
of envirormental variables, especially freshwater -inflow, which affect Texas
estuarine ecosystems. This report presents the results of the studies of the
Laguna Madre estuary. In succeeding -chapters, biotic and abiotic factors are
conceptually related, enabling the use of numerical analysis for -the identifi-
cation of maintenance needs. Many estuarine maintenance needs are directly
related to freshwater inflow and associated quality constituents. In some
cases, these needs may be exceeded in importance by the basic availability of
suwbstrate and/or habitat in the ecosystem, :

Fundamental to these discussions is the concept of seasonal dynamics;
that is, the envirormental needs of an estuarine ecosystem are not static
annual needs.. In fact, dynamic equilibrium about the productive range is both
realistic and desirable for an. estuarine environment. Extended periods of
inflow conditions which consistently fall below maintenance levels can, how~
ever, lead to a degraded estuarine environment, loss of important "nursery”
functions for estuarine-dependent fish and shellfish resources, and a reduc—
tion in the potential for assimilation of organic and nutritive wastes.
- During past droughts, texas estuaries severely declined in their production of
economically important fishery resources and began to take on characteristics
of marine lagoons, including the presence of starfish and sea urchin popula-
tions (181). Chapter II and succeeding chapters will address a broad range of
estuarine concepts; emphasis is placed primarily on those concepts germane to
the discussion of freshwater inflow needs of the Laguna Madre estuary.

Estuarine. Environment

Introduct ion

The bays and estuaries along the Texas Gulf Coast represent an important
economic asset to the state. The results of current studies carried out under
the Senate Bill . 137. mandate will provide decision makers with important
information needed in order to establish plans and programs for each of the
State's major estuarine systems.

Physical and Chemical Characteristics

Topography and Setting. A Texas estuary may be defined as a coastal region of
the state from the tidally affected reaches of terrestial inflow sources to
the Gulf of Mexico. Shallow bays, tidal marshes, bayous, creeks and other
bodies of water behind barrier islands are included under this definition.
Estuarine systems contain sub-systems (e.g., individuals bays), lesser but
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recognizable units with characteristic chemical, physical and biological
regimes. Primary, secondary, and tertiary bays, although interrelated, all
require study for proper understanding and management of the complete system.

The primary bay of an estuary is directly connected to the Gulf of
Mexico. This area of the estuary is generally saline (seawater) to brackish,
depending upon the proximity to areas of exchange between the bay and Gulf
waters. Secondary bays empty into the primary bay of an estuary and are thus
removed from direct flow exchange with the Gulf. In secondary bays, the
salinities are usually lower than the primary bay. 1In terms of energy input
to the estuarine systems, the most productive and dynamic of estuarine
habitats are the tertiary bays. Tertiary bays are generally shallow,, brackish
to freshwater areas where sunlight can effectively penetrate the water column
"to support benthic algae and other submerged vegetation. Substantial chemical
energy is produced in these areas through photosynthetic processes. These
nutritive biostimulants are distributed throughout the estuarine system by
inflow, tides, and circulation.

Texas has about 373 miles (600 kilometers) of open—ocean or Gulf shore-
line and 1,419 miles (2,290 kilameters) of bay shoreline, along which are
located seven major estuarine systems and three smaller estuaries (Figure
2-1). Eleven major river basins, ten with headwaters originating within the
boundaries of the state, have estuaries of major or secondary importance.
These estuarine systems have a total open-water surface area of more than 1.5
million acres (607,000 hectares) with more than 1.1 million acres (445,000 -
hectares) of adjacent marshlands and tidal flats (359). Physical character-
istics of the Laguna Madre estuary are described in Chapter III.

Hydrology.. A primary factor distinguishing an estuary from a strictly marine
environment is the input of freshwater from various sources. Sources of
freshwater inflow to Texas estuaries include: (1) gaged inflow (as measured
at the most downstream flow gage of each river system), (2) ungaged runoff,
and (3} direct precipitation on the estuary's surface.

The measurement of each of these sources of freshwater inflow is neces-
sary to develop analytical relationships between freshwater inflow and result-
ing changes in the estuarine enviromment. Gaged inflow is the simplest of the
three sources to quantify; however, gaged records do require adjustment to
reflect any diversions or return flows downstream of gage locations.

Computation of ungaged inflow requires utilization of a variety of analy-
- tical techniques, including camputerized mathematical watershed models, soil
moisture data, and runoff coefficients developed from field surveys. Direct
precipitation on an estuary is assumed to be a distance-weighted average of
the daily precipitation recorded at weather stations in the coastal regions
adjacent to each bay. :

The hydrology of the Laguna Madre estuary is described in Chapter IV.

w

Water Quality. ‘The factors which affect the water quality of aguatic eco-
systems and their importance to the various biological camponents include
nutrients, such as nitrogen and phosphorus; the basic cellular building block
carbon; trace elements necessary for biological growth; the presence of
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sufficient concentrations of dissolved oxygen for respiration of aerabic
organisms; and the occurrence of toxic chemicals that may inhibit growth and
productivity (Figure 2-2). The presence of pollutants can have significant
impacts upon estuarine water quality. Economic and business development
activities may result in changes to the physical and chemical guality of the
runoff. Waste loads which enter the aquatic ecosystem can be of several
types, including predominantly municipal and industrial effluent and ‘agricul-
tural return flow. The presence of toxic chemicals can have a detrimental
impact upon the qual ity of estuarine waters and the indigenous aquatic eco-
system.

Water quality considerations are discussed in Chapter IV and Chapter VI.

Biological Characteristics

An estuarine ecosystem comprises a myriad of life formms, living inter—

dependently, vyet all dependent on the "health" of the agquatic enviromment.

Among the general groupings of life forms that occur in the estuary, the most

. prominent are bacteria, phytoplankton (algae), vascular plants (macrophytes),
zooplankton, shellfish, and finfish.

Salinity, temperature, and catastrophic events (e.g., hurricanes) are
factors that largely control and influence species camposition in these eco-
systems.: While the number of species generally remains low, numbers of
organisns within a species fluctuate with the seasons and with hydrologic
cycles (421, 422, 72). The fluctuating conditions provide for a continuing
shift in dcmlnant organisms, thereby preventlng a specific species from main-
taining a persistent dominance.

Natural stresses encountered in an estuarine ecosystem are due, in part,
to the fact that these areas represent a transition zone between freshwater
and marine enviromments. Biological coommunity camposition changes, with
respect to the number of species and types of organisms, when salinity is
altered (Figure 2-3). The number of species is lowest. in the estuarine
transition zone between freshwater and marine environments. The species
camnposition of a community may vary taxonomically from one geographic locality
to another; however, most species have a wide distribution in texas bays and
estuaries.

Biological aspects of the Laguna Madre estuary are described in detail in
Chapters VII and VIII.

Food Chain. To evaluate the effects of freshwater inflow on an estuary, it is
necessary to consider the significant interactions among dominant organisms
for each of the estuary's trophic (production) levels. A complicated food web
consisting of several food chains exists among the trophic levels of an
estuarine ecosystem, with water the primary medium of life support (45, 48,
103, 149, 172, 215). The aquatic ecosystem can be conceptualized as compri-
sing four major components, all interrelated throuwgh various life processes
{Figure 2-2):

-1. Chemical parameters including basic substances essential to life

such as carbon dioxide (C02), nitrate -(NO3), ammonia (NH3)
phosphate (PO4), and dissolved oxygen (DO},
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2. Producers including autotrophic organisms such ‘as vascular plants
and algae that can transform basic substances. into living cellular
material through utilization of sunlight by photOsynthesis,

3. Consumers (herbivores, omnivores, and predators) including hetero-
trophic organisms such as zooplankton, _shellfish, ard flsh species
that utilize other biota as basic food material, and,

4. Decomposers -including bacteria in. both llquld ‘and solid.. (sedlment)
phases and fungi. . ‘ .

The trophic relationships occurring in an estuarine system . typical of those
along the Texas Gulf Coast are large in number and domplex in. scope (Figure
2-4}.. The river inflow provides a major source of nutrients and organic
materlals, both of which contribute to supporting the extensive populations of
omnivore and filter feeding species which daminate the' trophic levels of the
system. Exact quantitative relationships among the estuarine organisms and
the aquatic envirorment are extremely complex and many are still unknown.

Life gz’ cles. Many organisms of estuarine systems are not permanent residents,
in that they spend only part of their life cycle in the estuary. Migration
patterns constitute an integral part -of the life history of many estuarine-
dependent species (197). These migrations occur " in seasonal cycles and most
are involved with spawning (reproduction). Larval and postlarval organisms
may migrate into the estuary because of food and physioclogical requirements
for lowered salinity (124, 400), .and/or for protection against predators and
parasites (129, 180). Juvenile forms use the shallow "nursery areas during
early growth (81, 84), migrating back to the Gulf of Mexico in their adult or
subadult life stage. L .

For high ecosystem productivity to occur, the timing of freshwater
1nflow, inundation (irrigation)} of marshes, and nutrient stimulation (fertlll-
zation) of estuarine plants must coincide with the szbtroplcalx climatic regime
of the Gulf region.  Nature's seasons provide envirommental cues, such as
increases or decreases in sallnlty and temperature, that enable estuarine-
dependent species to reproduce and grow successfully in the coastal environ-
ments., These species have adapted their life cycles to the natural schedule
of seasonal events.in the ecosystem and also to reduce ccmpetltlon and
predation. Coincidence of seasonal events, such as spring rains, inundation
of marshes and increased nutrient cycl:mg is made more complex by both ante-
cedent events and ambient conditions. For example, winter inundation and
nutrient stimulation of marshes may not be ‘as beneficial to the estuarine
- system as similar events in the spring because low winter temperatures do not
support high biological activity. Oonsequently, the growth and survival of
many -economically important seafood species. will be limited if antecedent
events and ambient conditions are unfavorable and far from the seasonal
optimum. Further, the entire ecosystem can lose productivity through disrup-
tion of energy flow and became altered by slight, but chronic stresses (424).

Virtually alY¥ (97.5%) of the Gulf fisheries species are- considered
estuarine—dependent (86), however, the seasonal aspects of their life cycles
are quite different. ‘Some species, such as the redfish, spawn in the fall an
the yound are partlcularly dependent on migration to and utilization of the
"nursery" habitats during this season. Others; such as the penaeid shrimp,
Spawn primarily in the spring and early summer, and their young move inshore
to shallow, low salinity estuarine areas for growth and development at this
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time. Not all estuarine-dependent species are migratory between the marine
and estuarine enviromments; however, there are . few true year-round residents,
(e.g. bay oysters) capable of campleting their life cycle totally within the
estuary (425).

+

Habitat. The marsh wetlands adjacent to each Texas estuary are anong the most
important areas of the estuarine ecosystems. They may be characterized as
tracts of soft, wet land located adjacent to or near the bay margins and along
the channels of inflowing drainages, such as a river mouth with its associated
delta. Depending,upon the. specific location, estuarine marsh camunities may
be frequently inundated by tidal fluctuations or only occasionally inundated
by the seasonal flooding of inflowing streams. Texas estuarine marshes are
dominated by salt-tolerant vegetation, such as the cord grass spartina, which
produces significant quantities of organic material (i.e., detritus) that
forms the base of the trophic structure (foodweb} and provides input to the
productivity in higher trophic levels (fish, shrimp, oysters, etc.). Vascular
plant production of several delta marshes along the Texas Gulf (past has been
measured at about, 100 million pounds dry weight per year (or 45,500 metric
“tons/yr) each, with production exceeding 15,000 dry weight lbs/acre/year (or
1,680 g/mz/yr) in the most productive areas (426). Throuwghout the world,
only tropical rain forests, coral reefs, and some algal beds produce more
abundantly per unit of area (172, 299).

Marsh production has been shown to be a major source of organic material
supporting the estuarine food web in coastal areas from new england and the
South Atlantic, to the Gulf of Mexico (41, 103, 148). Because of high plant
productivities an estuarine marsh can assimilate, if necessary, suwbstantial
volumes of nutrient-rich municipal and industrial wastes {397, 427) and incor—
porate them into the yield of organic material which supports higher trophic
level producticon, such as fishery species. Such high food density areas serve
as "nursery" habitats for many economically important estuarine-dependent
species, as well as provide food and cover for a variety of water fowl and
mammals. Delta marshes may serve other beneficial functions acting as a
temporary floodwater storage area and/or aiding in erosion control by absorb—
ing potentially destructive wave energy.

Relatlonshlps ‘between product1v1ty and habitat are discussed in Chapters
VI, VII, and VIII. .

Summary

. Texas has seven major estuarine systems and several smaller estuaries
that are located along approximately 373 miles (600 km) of ccastline. These
estuarine systems have a total open—water surface area of more than 1.5
million acres (607,000 ha}), including many large shallow bays behind barrier
islands. . At least 1. 1 million acres (445,000 ha) of adjacent marshes, tidal
flats, and bayous provide "nursery" habitats for juvenile forms of marine
species and produce nutrients for the estuarine systems.

The ecosystems which have developed within these estuaries are in large
part dependent upon the amount, as well as, the seasonal and spatial distribu-
tion of freshwater inflow and associated nutrients. Freshwater flows enter
"the bays from rivers and streams and from local rainfall runoff. Freshwater
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dilutes the saline tidal water of the Gulf and transports nutritive and sedi-
mentary building blocks that maintain marsh env1ronments and contribute to
estuarine production of fish and shellfish.

The health of estuarine aguatic organisms is largely dependent l.{pon water
quality. Pollutants and toxic materials induce physiological stresses that
can inhibit reproduction and growth, and may have 1ong-last1ng effects on the
estuary.

An estuarine ecosystem is a complex interrelationship of abiotic and
biotic constitutents, Basic inorganic elements and nutrients are assimilated
by primary-producer organisms, such as algae. These organisms in turn are
consumed by predators in 'higher trophic levels. Organic material is made
available for reuse in the ecosystem by decomposers, such as bacteria and
fungi.

Many species inhabiting Texas estuaries are not permanent residents.
Juveniles enter the estuary in larval or postlarval forms and remain during
early growth., Finfish and shellfish species, in particular, have migratory
life cycles, with the adults spawning in the Gulf of Mexico and Jjuveniles
migrating to the estuaries.

Estuarine wetlands and river deltas are the most important habitat areas
for juvenile forms of many aguatic species. These marsh systems contribute
nutrients to the estuaries while providing nursery habitats for the estuarine-
dependent species.

Evaluation of Individual Estuarine Systems

Introduction

In order to better understand the basic relationships among the numerous
physical, chemical and biological factors governing Texas estuarine systenms,
and the importance of freshwater to these systems, the Texas Department of
Water Resources has conducted studies on the effects of freshwater' inflow on
nutrient exchange, habitat maintenance, and production of living organisms.
Technical methods developed and used in these studies are described in this
report. These methods were developed to quantitatively express (1) the
inundation/dewatering process of river delta marshes, (2) the biogeochemical
cycling and exchange of nutrients, (3) the estuarine salinity gradient, and
(4) the production of fisheries. Mathematical models have been developed for
high-speed computers using data collected from each estuarine system. These
computer techniques allow the analyst to rapidly simulate: (1) the hydro~
dynamics of river deltas, (2) the tidal hydrodynamics of the bay systems, and
(3) the transport of conservative constituents ({salinity) within the
estuaries. These mathematical simulation techniqgues have quantified, insofar
as possible at this time, the relationships among physical, chemical, and
biological parameters that govern the productivity within these systems.

Mathematical Modeling

The concept of mathematical modeling is fundamental to understanding the
techniques utilized in this study for evaluation of freshwater inflow effects
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upon an estuary. In general, a mathematical model is a specific set of mathe-
matical statements approximating real-world relationships of a system or its
component. parts, be that system physical, economic or social. A mathematical
model ({representation of a prototype system) may undergo several stages of
development and refinement before it is found to be a satisfactory descriptive
and predictive tool of a particular system. A rigorous data acquisition
program must be undertaken to gather sufficient information to test and apply
the model. A simplified flow diagram of the model development and application
process 1is presented in Figure 2~5.

Model development begins with problem conception. -The .governing equa-—
tions for each aspect of the problem are constructed to form a congruous
system of equations that can be solved by the application of ordinary solution
techniques. The governing equations are then coded into algorithms, data
input and output requirements are determined, and the necessary computer files
are created. : '

Several independent sets of input and output data, as prescribed by the
formulation and construction steps, must be acquired and prepared in proper
format. The data should be of sufficient spatial extent and temporal duration
to insure coverage of all anticipated boundary conditions and variations.

Calibration of the model consists of its application utilizing one or
more of the input data sets, followed by comparison of the simulated model
responses with the corresponding observed real-world conditions. Adjustment
of the input equation coefficients may be necessary until the simulated and
observed responses agree within appropriate predetermined tolerances.

Once a model has been satisfactorily calibrated, an independent set of
input values (not previously used in the calibration process) should be used
to simulate a new set of response values. A comparison of the simulated re-
sponses with the observed data should yield close agreement. Close agreement
within predetermined tolerance levels indicates model "“wvalidation". It is
then possible to simulate conditions for which camparative response data are
not currently available, with a high degree of confidence over the range of
conditions for which the model has been calibrated and validated. However, a
calibrated model that has not been validated in the manner described here may
still give a reasonable simulation, but the degree of response confidence is
less. The computer model, if properly applied and its output judiciously
interpreted, can be a valuable analytical tool.

The mathematical models being developed to evaluate the hydrodynamics and
salinity of the Laguna Madre estuary are described in detail in Chapter V.

Key Indicators of Estuarine Conditions

The large. number of complex interactions of physical, chemical, and
biological parameters make it difficult to completely define the inter-
relationships of an estuarine ecosystem. Major envirommental factors and
identifiable biological populations can be used, however, as "key indicators"
to understand and demonstrate the response of higher food chain organisms,
such as shellfish and finfish, to major changes in the ecosystem (172).
Physical and chemical constituents of prime importance to the estuarine
ecosystem include freshwater inflows, circulation and salinity patterns, and
nutrients. Chapters IV, V and VI quantify each of these factors to assess
their relationship in estuarine productivity.
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"Physical and Chemical Indicators. (1) Freshwater Inflow.- Freshwater is one
of the most important environmental parameters influencing estuarine systems.
Freshwater inflows serve the following major functions:

1. Salinity gradient control,
2, Transport of sedimentary and nutritive building blocks, and
3. Inundation of the deltaic marshes.

Salinity gradients throughout an estuary are directly related to the
quantity of freshwater inflow; freshwater decreases salinities near an inflow
point, while salinities at points further away are influenced only gradually
with time. Salinities in the estuaries are detemmined by balance among
several factors, including freshwater inflow, tidal exchange and evaporation.

Freshwater inflow also transports sediments and nutrients into the
estuarine system. During flood stage, many square miles of marsh habitat are
inundated and inorganic nutrients deposited in the marsh. These nutrients are
converted to an organic state by primary production and bacteriological action
and then drawn into the overlying water column. The subsidence of the flood
waters and the subsequent dewatering of the marshes results in the movement of
organic nutrients from the marsh into the nearby tertiary and secondary bays.
On the other hand, large volumes of freshwater inflow can also be detrimental
“and may act to flush even the primary bays of an estuarine system. Flood
events may resuspend and transport sediments, increase turbidity, and cause a
rapid decrease in the standing crop of phytoplankton, zooplankton, benthos and
nekton populations. The period of time necessary for recovery of the
estuarine system after such an event is governed by variables such as season
of the year, temperature, food availability and subsequent freshwater in-
flows. : :

- (2) Critical Period. An understanding of the concept of "critical
pericd” is necessary 1in order to understand the importance of freshwater
inflow to texas estuarine systems (108, 158). There are basically two types
of critical periods that must be considered——long term and seasonal. 'The
first, or more general type, is that resulting from extended years of drought
with extreme low freshwater inflow, creating stressful or lethal conditions in
the estuary. A second type of critical period occurs.on a seasonal basis,
whereby lowered freshwater inflow affects the growth and maturation of delta
marsh habitats, the utilization of "nursery" areas by juvenile fish and
shellfish, and the transport of sediment and nutritive substrate materials
(especially detritus) to the estuary.

Long-term critical periods of multi-year droughts affect entire estuarine
systems, while short-term critical periods relate to habitat-specific or
species~specific seasonal needs. Where seasonal needs conflict between
estuarine-dependent species and limited freshwater is available for distribu-
tion to an estuary, a resource management decision may need to be made to give
preference to selected species. This decision could be made on the basis of
historical dominance of the system by one or more species, that is, whether
the estuarine system has historically been a finfish or a shellfish producing
area.

The physical characteristics of each estuarine system are a reflection of

long-term &daptations to differing salinity, nutrient, and sedimentary
balances. - Among such distinctive characteristics are bay size, number and
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size of contributing marshes, extent of submerged seagrass cammunities,
species diversity, and species daminance. The timing of freshwater inflows
can be extremely important, since adequate inflow during critical periods can
be of greater benefit to ecological maintenance than abundant inflow during
noncritical periods.

{3) Circulation. The movement of waters within an estuary largely
determines the distribution of biotic and abiotic constituents in the system.
To study the movement of estuarine waters wnder varying conditions, tidal
hydrodynamic mathematical models have been developed and applied to individual
texas estuaries (156). Each model camputes velocities and water surface
elevations at node points of a camputational grid superimposed on an estuary.
Estuarine characteristics along any given vertical line (the water column) are
assumed to be homogeneous.

The tidal hydrodynamic model takes into account bottom friction, sub-
merged reefs, flow over low-lying barrier islands, freshwater inflow (runoff},
any other inflows, ocean tides, wind, rainfall, and evaporation. The model
may be used to study changes in erosion and sedimentation patterns produced by
shoreline development and to evaluate the dispersion characteristics of waste
outfalls. The primary output from the tidal hydrodynamic model is a time-
history of water elevations and velocity patterns throughout the estuary.
Output data are stored on magnetic tape for later use.

The tidal hydrodynamics model is described in detail in Chapter V.

(4) Salinity. A knowledge of the distribution of salinities over time at
points throughout the estuary is vital to the understanding of environ-
mental conditions within the system. To better assess the variations in
salinities, a salinity transport mathematical model has been developed (157,
156) to simulate the salinity changes in response to dispersion, molecular
diffusion and tidal hydrodynamics. This model is a canpanion model to the
hydrodynamic model described previously. :

The mass transport model is used to analyze the salinity distributions in
shallow, non-stratified, irregular estuaries for various conditions of tidal
amplitude and freshwater inflow. The model is dynamic and takes into account
location, magnitude, and quality of freshwater inflows; changing tidal condi-
tions; evaporation and rainfall; and advective transport and dispersion within
the estuary. The primary output of the model is the tidal-averaged salinity
change in the estuary due to variations in the above mentioned independent
variables. This model, in conjunction with the tidal hydrodynamic model, can
also be used to assess the effects of development projects such as dredging
and filling on circulation and salinity patterns in an estuary.

In this study, relationships between inflow and salinity were established
using the statistical technique of regression analysis. Regression analysis
is a method of estimating the functional relationship among variables. The
relative accuracy of such a predictive model, cammonly measured in terms of -
the correlation coefficient, is dependent upon the correlation of salinities
to inflow volumes. The statistical relationship between salinity and inflow
can generally be represented as an reciprocal function (Figure 2-6). 'This
functional form also plots as a straight line on log—-log graph paper.
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The statistical regression models differ from the salinity transport
model in that the transport model analyzes the entire estuary to a resolution
of one nautical mile square, while each statistical model represents the
salinity at only a single point in the estuary. These models caompliment each
other, however, since a statistical model is considered more accurate near a
river's mouth and the salinity transport model provides better predicted
salinities at points in the open bay. .

The salinity transport model and the statistical regression models are
described in Chapter V.

(5) Nutrients. The productivity of an estuarine system depends upon the
quality of necessary nutrients such as carbon, nitrogen, and phosphorus.
Thus, the transportation and utilization of these nutrients in the system is
of major importance. The most significant sources of nutrients for Gulf
estuaries are the tidal marshes and river deltas (41, 148). A hypothetical
cross-section of a typical salt water marsh is illustrated in Figure 2-7.
Note the typical low channel banks which may be inundated by 'high tides and
high river flows. Inorganic materials and organic detritus transported and
deposited in salt marshes by river floods are assimilated in the marshes
through biological action and converted to organic tissue. This conversion is
accomplished by the primary producers {phytoplankton and macrophytes) of the
marsh ecosystem, The primary producers and organic materials produced in the
marsh are then transported to the bay system by the inundation and subsequent
dewatering process. This process is controlled by the tidal and river flood
stages.

Biological Indicators. Terms like "biological indicators", "ecological indi-
cators", "environmental indicators", and others found in the scientific
literature often refer to the use of selected "key" species. Usually such key
species are chosen on the basis of their wide distribution throughout the
system of interest (e.g., an estuary), a sensitivity to change in the system
(or to a single variable, like freshwater inflow), and a short enough life
cycle to permit observation of changes in organism densities and productivity
in association with observations of environmental change.

Dr. Eugene Odum has remarked that "ecologists constantly employ such
organisms as indicators in exploring new situations or evaluating large areas"
(172). Odum also notes that large species often serve as better indicators
than small species because a larger and more stable biomass or standing crop
can be supported with a given energy flow. The turnover of small organisms
may be so great that the particular species present at any one moment may not
be very useful as a biological indicator.

In the 1975 American Fisheries Society Water Quality Statement, Dr. H.
E. Johnson stated that "fisheries provide a useful indicator of the quality
and productivity of natural waters. Continuous high vield of fish and
shellfish is an indicator of envirommental conditions that are favorable for
the entire biological community. In a number of recent envircnmental crises,
fish and shellfish have served as either the link between pollution and human
problems or an early warning of an impending contamination problem.,"

If every estuarine floral and faunal species could be monitored and
integrated into a research program, the maximum data base would be achieved;
however, there are always time and financial limitations that make this
impossible. It is believed that the use of indicator or key species that
emphasize the fishery species is reasonable and justified, especially when one
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considers the type of ecosystem and the availability of time and money which
limit the number of environmental variables that may be investigated in depth.
Use of several diverse species avoids problems most cammonly associated with a
single chosen indicator, wherein data may be dependent upon the particular
species' sensitivity. The "key" species approach is used in these studies of
the Texas bays and estuaries.

{1) Agquatic Ecosystem Model. Attempts to understand the camplex inter—
actions within texas estuarine ecosystems have lead to the development of a
sophisticated estuarine ecologic model, ESTECO (236, 417). The model was
formulated to provide a systematic means of predicting the response of
estuarine biotic and abiotic constituents to envirormental changes.
Ecological modeling techniques involve the use of mathematical relationships,
based on scientific evidence, to predict changes in estuarine constituents.

While the principal focus of the ESTECO model is to simulate those quan-
tities that are considered to be the most sensitive indicators of the primary
- productivity of an estuarine enviromment {i.e., salinity, dissolved oxygen,
nutrients, and algae), the higher trophic levels are also taken into account.
The trophic categories included in the model are phytoplankton, zooplankton,
benthos,  and fish. Since the life cycles of algae and the higher forms of
biota that depend on them, as well as the life cycles of bacteria and other
decamposers, are intimately related to water quality, a camplex set of physi-
cal, chemical and biological relationships have been included in the ESTECO
model which 1link the various a&biotic constituents to several forms of
estuarine biota. '

While the estuarine ecologic model provides a valuable conceptual tool
for understanding estuarine ecosystems, the validity of the current version of
ESTECO in predicting long~term estuarine constituents has not yet been proven.
As presently structured, the estuarine’ ecologic model is capable of producing
useful results over short time periods, but lacks the refinement necessary to
accurately represent the long-term phenomena vwhich occur in the estuarine
system. Also, the comprehensive data are not yet available to accurately
cal ibrate the estuarine ecologic model for simulation periods in excess of one
year. Further refinement of the model is anticipated as these data became
available.

At present, the most serious deficiency of the estuarine ecological model
is its inability to accurately describe and predict the standing biomass of
commercially important finfish and shellfish which spend portions of their
life cycles in the estuary. Thus, for purposes of this study, statistical
analysis technigues are used to predict the productivity of the higher trophic
levels under various freshwater inflow conditions. The statistical models are
described below.

{(2) Statistical Models. An investigation of the effects of freshwater
inflow on an estuary necessitates the use of existing information on the
system's hydrology and biology. In most cases, numerical analysis of this
information allows the demonstration of statistical relationships between
freshwater inflow and dependent envirommental variables such as fishery
production. The use of linear regression analysis allows the development of a
variety of descriptive and predictive relationships between seasonal fresh—
water inflows and commercial harvest of finfish and shellfish. The specific
regression equations for estimating harvest of spotted seatrout, red drum,
black drum, white shrimp, brown and pink shrimp, blue crab, and bay oysters as
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a function of the reported quantities of seasonal freshwater inflow are
camputed using data from each estuarine system (Chapter VIII). These
regression equations can be used to campute estimates of the estuarine
productivity, in terms of harvested fisheries biocmass, as a function of
freshwater inflows. However, there are variations in the historical harvest
data which were not explained by variations in seasonal freshwater inflow.
These variations may be due to other fact:ors such as temperature, predation
and disease. .

The described relationships are useful in defining the possible impacts
and interactions between freshwater inflows and the biomass production in
various trophic levels. Many of the camplicated relationships among trophic
levels within an aquatic ecosystem are not yet campletely understood and much
needed data does not exist, so the mathematical representations required to
describe such phenomena have not been adequately defined. Therefore, regres-
sion techniques are being applied in these studies as a useful tool in under-
standing these interactions.

(3) Finfish Metabolic Stress Analysis. 'The health of organisms in an
estuarine ecosystem is dependent upon a nuwber of factors. Wohlschlag (276,
277, 278, 279) and Wakeman (404) have reported on the stress of salinity
changes upon the metabolic activities of several Texas estuarine fish species.
For example, Wakeman (404) measured the maximum sustained swimming speeds of
four estuarine fish species (i.e., spotted seatrout, sheepshead, and black and
red drum) at 28 degrees Celsius over a range of salinities (10-40 parts per
thousand, ppt) nommally encountered in the estuary. All of these species are
of commercial and recreational importance; therefore, results of these
metabolic research studies are valuable in the planning and management of the
texas estuarine. systems and their production of renewable fish resources.
Salinity ranges and salinity optima have also been determined for several
other estuarine—-dependent figh and shellfish species {including shrimp, crabs,
and oysters), and are presented in Chapter IX.

Analyzing the Estuarine Complex

Synthesis of Competing Estuarine Responses. The development of envirormmental
modeling technigues has increased the capability of the planners to make
intelligent and comprehensive evaluations of specified development alterna
tives and their impact on aquatic ecosystems. Due to the tremendous camplexi-
ty of agquatic ecosystems and their importance in water resources planning,
sophisticated mathematical techniques are being continually developed and used
. for assessment of alternative projects and programs.

Any desired objective for the biological resources of an estuary must
include a value judgment concerning competing interests. Where seasonal
salinity needs are caompetitive among estuarine-dependent species (e.g., one
species prefers low salinities in the spring and another prefers high salin-
ities in the same season) a management decision may be required to specify a
preference to one or more species' needs. Such a decision could be made on
the basis of which organism has been more characteristic of the estuary of
interest. Additionally, needs for freshwater in the contributing river basins
must be balanced with the freshwater needs of the estuary.

Techniques for the synthesis of inflow alternatives are discussed in
Chapter IX.
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Determination of Freshwater Inflow Needs. (1) Estuarine Inflow Model. In
order to establish an estimate of the freshwater inflow needs for an estuary,
mathematical techniques are applied to integrate the large number of relation~
ships and constraints, such that all of the information can be used in comr
sideration of campeting factors. The relationships and constraints in this
formulation consist of: :

1} statistical regression equations relating annual fisheries harvest
to seasonal inflows,

2) upper and lower bounds for the inflows used in the regression equa-
tions for harvest,

3) statistical regression equations relating seasonal salinities to
seasonal freshwater inflows,

4) upper and lower bounds on the seasonal inflows used in camputing the
salinity regression relationships, and

5) envirommental bounds on a monthly basis for the salinities requn:ed
to maintain the viability of various aquatic organiams.

Constraints (2) and (4) are required so that the inflows selected to meet
a specified objective fall within the ranges for which the regression equa-
tions are valid. Thus, in this analysis errors are avoided by not extrapola—
ting beyond the range of the data used in developing the regression relatiom
ships.

The constraints listed above are incorporated into a special mathematical
programming (MP) model, to determine the monthly freshwater inflows needed to
meet specified marsh inundation, salinity, and fisheries objectives. The
optimization procedure used to assess alternative objectives is formulated in
a camputer code based upon the generalized reduced gradient algorithm (133)
for the solution of nonlinear programs. A nonlinear program may be used to
reach an optimum solution to a problem where a desired nonlinear objective is
maximized (or minimized) subject to satisfying a set of linear constraints.

The output from the MP model provides not only the seasonal freshwater
inflows needed to maximize the desired objective function, which in this case
is stated in terms of marsh inundation, salinity, and fish harvested, but also
the predicted harvest levels and salinities resulting from the freshwater
inflow regime. The harvests that are predicted under suwch a regime of fresh-
water inflows can be campared with the average historical harvests to estimate
changes in productivity.

Use of the estuarine inflow model is described in Chapter IX.

(2) Model Interactions. The estuarine mathematical programming model
incorporates the salinilty, metabolic stress, and camnmercial fisheries harvest
factors considered in determining interrelationships between freshwater
inflows and estuarine key indicators, including the marsh and river delta
inundation requirements. The schedule of flows for marsh inundation and for
maintaining salinity and productivity levels are cambined into one constraint
in the model by taking the largest of the minimum required values for the two
purposes. Thus, if the flow in March required for inundation is greater than
the flow needed for salinity gradient control and fish harvest (production),
then the March inflow need only be equal to the inundation requirement. A
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seasonal schedule of inflows needed by the estuary tc meet the specified
objectives is thus derived.

A process for synthesis of estimated freshwater inflow needs for the
Laguna Madre estuary is discussed in Chapter IX. :

Techniques for Meeting Freshwater Inflow Needs. The freshwater inflow needed
to maintain an estuary's ecology can be provided from both unregulated and
regulated sources. The natural inflows from wncontrolled drainage areas and
direct precipitation will most likely continue in the future at historical
levels, since man's influence will be limited, except in those areas wvhere
major water diversions or storage projects will be located. Inflows fram the
major contributing river basins, however, will most likely be subject to
significant alteration due to man's activities. A compilation and evaluation -
of existing permits, claims and certified filings on record at the TDWR
indicate that should diversions closely approach or equal rates and volumes
. presently authorized under existing permits and claims presently recognized
and upheld by the Texas Water Commission, such diversions could equal or
exceed the total annual runoff within several major river systems during some
years, particularly during drought periods. Total annual water use (diver-—
sions) do not yet approach authorized  -diversion levels in most ‘river basins,
as evidenced by both mandatory and-voluntary comprehensive water use reporting
information systems administered by the TDWR. With canpletion of major new
surface-water development and delivery systems, such as the major conveyance
systems to convey water from the lower Trinity River to the Houston-Galveston
area, however, freshwater inflows to some bay systems may be progressively
reduced and/or points of re-entry (in the form of return flows) may be signi-
ficantly altered.

(1) Freshwater. Inflow Management. - The freshwater runoff from the
regulated watersheds of the upstream river basins may be managed in several
"ways to insure the passage of necessary flows to the estuaries. These include
the granting of water rights for surface-water diversion and storage con-
sistent with the freshwater inflow needs of the estuary.

Water Rights Allocation. Adjudication of surface-water rights in texas
is an extremely important factor in addressing the issue of allocation,
and ultimately, the possible appropriation of state water specifically
for estuarine maintenance.

In. 1967, the Texas Legislature enacted the Water Rights Adjudication Act,
Section 11.301 et seq. of the Texas Water Code. The declared purpose of
the act was to reguire a recordation with the Texas Water Commission of
claims of water rights which were unrecorded, to limit the exercise of
those claims to actual use, and provide for the adjudication and adminis-
tration of water rights. Pursuant to the Act, all persons wishing to be
recognized who were claiming water other than under permits or certified
filings were required to file a claim with the Commission by September 1,
1969. Such a claim is to be recognized only if valid under existing law
and only to the extent of the maximum actual application of water for
beneficial use without waste during any calendar year from 1963 to 1967,
inclusive. Riparian users were allowed to file an additional claim on or
before July 1, 1971 to establish a right based on use from 1969 to 1970,
inclusive. ' ' ' ‘
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The adjudication process is highly complex, and in many river basins,
extremely lengthy. The procedures were designed to assure each claimant,
as well as each person affected by a final determination of adjudication,
all of the due process and constitutional protection to which each is
entitled. Statewide adjudication is currently approximately 83 percent
complete. Although the adjudication program 1is being accelerated,
several years will be required to complete the remaining unadjudicated
basins. Final judgments have been rendered by the appropriate District
. Courts and certificates of adjudication have been issued in portions of
the Rio Grande, Colorado, San Antonio and Guadalupe Basins.

Recognition of the freshwater needs of the estuaries, allocation and
possible direct appropriation of State water to meet these needs, and
equitable adjudication of water rights and claims are intertwined--a fact
which must be recognized by all involved in identifying coastal issues
and resclving cocastal problems.

Operations of Upstream Reservoirs in Contributing Basins. The control of
- surface-waters through Impoundment and release from .large storage
reservoirs is a potential source of supplementary waters for the texas
estuaries. The Texas Water Plan specified the delivery of up to 2.5
million acre-feet (3.1 billion m3) of supplemental water annually to
Galveston, Matagorda, San Antonio, Aransas, and Corpus Christi Bays
through controlled releases from the coastal camponent of the proposed
Texas Water System. Conceptually, the Texas Water System would conserve
and control water from basins of surplus, and transport them, together
with water from other intrastate, interstate, and potential out-of-state
sources, to areas of need throughout Texas. This volume of supplemental
water would probably not be required every year; however, during periods
of extended drought it would be available to supplement reservoir spills,
reservoir releases not diverted for use, properly treated and managed
‘return flows, unregulated runoff of major rivers below reservoirs and
runoff from adjacent coastal areas, and precipitation that falls directly
on the bays and estuaries.

Although the Texas Water Plan tentatively provides a specific amount of
supplemental water for estuarine inflow on an annual basis, it was, and
is still clearly recognized that the amount specified is not more than a
preliminary estimate. Furthermore, the optimum seasonal and spatial dis-
tribution of these supplemental inflows could not be determined at that
time because of insufficient knowledge of the estuarine ecosystems.

Attention must be given to the possibilities of providing storage capa-
city in existing and future reservoir projects specifically for alloca-
tion to estuarine inflows, with releases timed to provide the most bene-
fit to the estuary. Development of institutional arrangements whereby
repayment criteria for such allocated storage are determined and asso-
cilated costs repaid will be needed. Potential transbasin diversions to
convey "surplus" freshwater from "water-rich" hydrologic systems to
water—deficient estuaries will also have to be studied and costs will
have to he computed. Additionally, structural measures and channel
modifications which might enhance marsh inundation processes using less
freshwater will have to be evaluated. These are all a part of planning
to meet the future water needs of Texas.
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(2) Elimination of Water Pollutants. The presence of toxic pollutants in
freshwater i1nflows can have a detrimental effect upon -productivity of an
estuarine ecosystem by -suppressing bioclogical activity. Historically,
pollutants have been discharged into rivers and streams and. have contami-
nated the coastal estuaries. Imposition of wastewater discharge and stream-
flow water quality standards by State and Federal governmental agencies had
and will continue to have a significant impact upon pollutants enterirg
estuarine waters. Presence of toxic pollutants in the Texas estuaries will
continue for the foreseeable future in some areas as compounds deposited in
sediments become resuspended in the water column by dredging activities and
when severe storms cause abnormally strong currents. This report does not
include a comprehensive assessment of water pollution problems in the Laguna
Madre estuary, but other ongoing studies by the Department of Water Resources
do address such problems.

(3) Land Management. The uses of watershed areas are of particular
importance to the contribution of nutrient materials fram the land areas
surrounding Texas estuaries. 1In coastal areas, significant contributions of
nutrients are provided to the estuary by direct runoff., Removal of marsh
grasses in coastal areas through overgrazing by livestock and through drainage
improvement practices can result in substantial reductions in the wvolume of
nutrients contributed to an estuvary. This report does not consider land
management techniques in detail, although land management is an alternative
technique in any coastal zone management plan.

Summarg

The provision of sufficient freshwater inflow to Texas bays and estuaries
is a vital factor in maintaining estuarine productivity and a factor contribu-—
ting to the near-shore fisheries productivity of the Gulf of Mexico. The
methodology for establishing freshwater inflow needs described in this report
relies heavily on the use of mathematical and statistical models of the
important natural factors governing the estuaries. Mathematical models
relating estuarine flow circulation, salinity transport, and deltaic marsh
inundation processes were developed based upon physical relationships and
field data collected from the system, and utilized to assess the effects of
freshwater inflows.

Simplifying assumptions must be made in order to estimate freshwater
inflow requirements necessary to maintain Texas estuarine ecosystems. A basic
premise developed in this report is that freshwater inflow and estuarine
productivity can be examined through analysis of certain “"key indicators."
The key physical and chemical indicators include freshwater inflows, circula-
tion and salinity patterns, and nutrients. Bioleogical indicators of estuarine
productivity include selected comrercially important estuarine-dependent
species. Indicator species are generally chosen on the basis of their wide
distribution throughout each estuarine system, a sensitivity to change in the
system, and an appropriate life cycle to facilitate association of the

organism with the other estuarine factors, particularly seasonal freshwater
inflow,

An estuarine inflow model is used in these studies to estimate the
monthly freshwater inflow necessary to meet three specified fisheries harvest
(production) objectives subject to the maintenance of salinity viability
limits for selected organisms. Where seasonal nesds compete between
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estuarine-dependent species, a choice must be made to give preference to one
or more species' needs. Additionally, society's economic, social, and other
environmental needs for freshwater in the contributing river basins must be
balanced with the freshwater needs of the estuary.
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CHAPTER III

DESCRIPTION OF THE ESTUARY AND
"THE .SURROUNDING ARFA

Physical Characteristics

Introduction

The Laguna Madre estuary consisting of parts of Arroyo Colorado, upper
and lower Laguna Madre, and Baffin Bay (Figure 3-1) has an approximate surface
area of 640 square miles (1,660 km?), as compared to about 600 square miles
(1,554 km2) for the Trinity-San Jacinto estuary. ' The mean low water surface
area of Laguna Madre is 439 square miles (1,137 km2) versus 547 sguare miles
(1,417 km2) for Trinity-San Jacinto estuary. ~ Therefore, the Laguna Madre
- estuary is only 80% as large as the Galveston system, based on surface water
area. The estuary is shallow with a mean depth of less than four feet (1.2
Am) except in parts of Arroyo Colorado, the Intracoastal Waterway, Brazos
Santiago Pass, and the Brownsville and Port Mansfield channels.

The upper portion of Laguna Madre lies in the humid, subtropical climatic
region. The lower Laguna Madre is a tropical to subtropical steppe. Prevail-
ing winds are southeasterly throughout the year and the warm tropical air from
the Gulf of Mexico is responsible for mild winter temperatures and hot, humid
summer weather. '

Some of the heavier rainfall occurrences during late summer and early
fall are associated with tropical disturbances.

Influence of Contributory Basins

Drainage areas within the State of Texas contributing inflow to the
Laguna Madre estuary include the Rio Grande Basin and the Nueces-Rio Grande
Coastal Basin. The northern part of the coastal basin is drained by a network
of coastal streams into Baffin Bay, whereas, the southern part is drained
principally by Arroyo Colorado. The Rio Grande originates in the State of
Colorado, flows through New Mexico, and becames the international border
between the United States and Mexico just above El Paso, Texas (Figure 3-2).

The total drainage area of the Rio Grande Basin is 335,500 square miles,
(868,945 km2) however, the runoff contributing area is only about one half
of the total or about 176,300 square miles (456,617 km2). Of this total
contributing area about 147,000 square miles (380,730 km2) is downstream of
the New Mexico-Texas State 1line with 59,700 square miles (154,623 km2)
originating in Texas and the remainder in Mexico. Amounts and rates of runoff
vary widely throughout the Ric Grande Basin. Reservoirs, mumerous diversions,
and substantial return flows modify the flow of the main stem throughout its
length., Upstream develogment has progressively reduced the flow of the Rio
Grande as it enters Texas.

The Nueces-Rio Grande Coastal Basin has a total drainage area of 10,442
scquare miles (27,045 km24), ,of‘_,wl')ic.:h ‘a__klarkg_‘e ‘por.jtion is non-contributory,
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and is characterized by flat terrain and narrow stream channels that flood
frequently. Most streams are intermittent except in tidally affected
reaches. ‘ . .

Large scale control of the Rio Grande began with the campletion of Inter-

national Falcon Dam in 1953. Other major reservoir development in or border-
ing Texas is shown on Table 3-1.

Geological Resources

~

Sedimentation and Erosion. The combined discharge of the Olmos, Santa
Gertrudas, San Fernando, and Petronila Creeks into Baffin Bay is less than the
discharge into any other Texas bay system. These ephemeral streams carty
small amounts of sediment into the upper reaches of Baffin Bay resulting in
little or no marsh develomment. Instead, extensive wind-tidal flats occupy
the upper reaches of Baffin Bay. Moderate quantities of sandy bedload are
transported onto and across the wind-tidal flats into the bay (Figure 3-3).

Relatively small amounts of sediment are deposited in lower Laguna Madre
from the Arroyo Colorado or the North Floodway due to the low gradient of
these channels and the fact that they carry mainly storm runoff and irrigation
return flows. Because it discharges directly into the Gulf of Mexico, the Rio
Grande has no effect on salinity or sedimentation within the Laguna Madre
estuary.

The southeasterly winds, along with occasional hurricanes, transport sand
across Padre Island to form large back island dune fields. These large dunes,
in turn, supply sediment to Laguna Madre or to broad wind-tidal flats in the
area. Lack of vegetation on central Padre Island accelerates the transport of
sediment across the barrier island.

Shoreline and vegetation changes within the estuaries and in other areas
of the Texas Gulf Coast are the result of natural processes (267, 269).
Shorelines are either in a state of erosion, accretion, or are stabilized
either naturally or artificially Erosion produces a net loss in land, accre-
tion produces a net gain in land, and equlllbrlum corditions produce no net
change in land area.

Within Baffin Bay shorelines are generally in a state of ercsion, as is
the mainland shoreline of upper Laguna Madre. The barrier island shoreline of
both upper and lower Laguna Madre is totally depositional. Most of the main-
land shore of lower Laguna Madre is depositional with portions either in a
state of equilibrium or erosion (Figure 3-4 and 3-5). Gulfward of the barrier
island the shoreline is in a state of erosion fram Brazos Santiago Pass to
Yarborough Pass. The gulfward shoreline of Little Shell Beach is in a state
of equilibrium for about ten miles where it becames depositional.

Processes that are responsible for the present shoreline configuration
and that are continually modifying shorelines in the Laguna Madre estuary
include astronomical and wind tides, longshore currents, nomal wind and
waves, hurricanes, river flooding, and slumping along cliffed shorelines.
Astronomical tides are low, ranging from about 0.5 foot (0.15 m} in the bays
to a maximum of about two feet (0.6 m) along the Gulf shorelines. Wind is a
major factor -in influencing coastal processes. It can raise or lower the
water level along the Gulf and/or mainland shore according to the direction it
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Table 3-1. Reservoirs of Contributing Basins, Laguna Madre Estuary

Flood Control

: ' EE : : : Pool : + Total
Reservoir Name : Type of :  Year Dam : Surface Area : Pool Elevation : Storage ¢/ : Storage : Storage

: Use(s) a/ : ° Completed : Acres b/ Ft. (MSL) : 1000 Ac-Ft : 1000 Ac-Ft : 1000 Ac-Ft
San Estaban R 1911 762 - 4,451 4,451
Red Bluff "W.S., H.E, 1936 11,700 2,841.7 310,000 310,000
Balmorhea ' W.S. 1917 573 3,187.0 6,340 6,350
Amistad W.S., R, H.E. 1968 64,900, 1,117.0 3,505,400 1,744,300 5,249,700
Casa Blanca W.S. 1949 1,656 465.0 20,000 20,000
Falcon ' W.S., R, H.E. 1953 - 86,843 301.1 2,667,.588 509,505 3,177,093
a/ W.S. - Water supply (may include municipal, manufacturing, irrigation, steam electric power and/or mining uses)

R. - Recreation . '

. F.C,
- I.R. - Irrigation only

H.E. - Hydro-electric power generation

Flood Control

At conservation pool elevation
Includes sediment storage
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is blowing. Wind .can also generate haves and-"loﬁgsﬁp'ré currents (190, 100,
300) - “u . " - ' o i . .

The seasonal threat of wind and water damage associated with tropical
cyclones occurring in the' Gulf of Mexico exists each year from June through
Octcober. Wind damage from hurricanes and ‘associated tornadoes ‘can be costly,
but the most severe losses-occur from the ‘flooding brought. by ‘heavy rains and
high storm tldes along the coast. Gulf and mainland shorel ines may be drasti-
cally altered during the approach, landfall,. -and. ‘inland passage of hurricanes
(100, 328). Stom surge flooding and attendant breaking waves ercde Gulf
shorelines from a few tens to a few hundreds of- feet. Washovers along the
barrier islands and peninsulas are cammon, and saltwater flooding may be
extensive along the mainland shorelines.

. Flooding of rivers and’ small streamns normally corresponds either with
spring thunderstoms or with the summer hurricane season. Rivers generally
flood as a result of regional rainfall, but flooding along smaller streams may
be activated by local thunderstoms (267). Some effects of flooding include:
{1) overbank flooding into marsh areas of the floodplain and onto delta
plains; (2) progradation of bayhead and oceanic deltas; (3) flushing of bays
and estuaries; and (4) reduction of salinities. ' :

Minéral and Energy Resources. Resources of the Texas coastal zone .include oil
and natural gas (Figures 3-6 and 3-7), which serve not only for fuel but also
provide raw material for many petrochemical processes.

There are several o0il and gas fields within the area surrounding Laguna
Madre estuary. The production of o©il, natural gas, and natural gas liquids
plays a prominent role in the total economy of the area. In addition to the
direct value of these minerals, oil and gas production supports major indus~
tries within the area and elsewhere in the coastal zone by providing readily
available fuels and raw materials. Oil and natural gas constitute the main
economic base of the area, even though agriculture {(mainly ranching) is the
major current land use in the area (Figure 3-8).

Groundwater Resources. Groundwater resources in the area of the Laguna Madre
estuary occurs in a thick sedimentary sequence of interbedded gravel, sand,
silt, and clay. The stratigraphic units included in this sequence are the
Catahoula, QOakville, Lagarto, and Goliad Formations of Tertiary 2Age; and the.
Lissie and Beaumont Formations of Quaternary Age. These ancient sedimentary
units are variable in camposition and thickness and were deposited by the same
natural processes that are now active in shaping the coastline. Thick layers
of sand and gravel representing ancient river channel deposits grade laterally
into silt and clay beds which were deposited by the overbank flooding of
ancient rivers. Individual beds of predominantly sand and clay inter-finger
with each other and generally are hydrologically connected laterally and
vertically. Because of this interconnection, groundwater can move from one
bed to another and from one formation to another. The entire sequence of
sediment functions as a single aquifer, which is referred to as the Gulf Coast
Aquifer.
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Near the Laguna Madre estuary this fresh (up to 1,000 mg/l1 total dis-
solved solids) to slightly saline (1,000 to 3,000 mg/1 total dissolved solids)
portion of the aguifer extends to a maximum depth of about 2,500 feet (760 m).
The most productive part of the aqu1fer is from 200 to 600 feet {60 to 180 m)
thick (238). .

The quality of water in the aquifer varies widely, but generally is 1,000
to 1,500 mg/1 total dissolved solids. In the area adjacent to the Gulf,
saline water overlies usable fresh water. Excessive pumping of groundwater
can cause land surface subsidence and saltwater encroachment, which are both
irreversible. [Locally, the shallow aquifer may contain saltwater; -whereas,
the deeper aquifer sands may have freshwater.. Excessive pumping of freshwater
will allow saline waters to encroach into the freshwater zone, contaminating

wells and degradlng the general groundwater quality. The principal effects of

subsidence are activation of surface faults, loss of ground elevation in
critical low-lying areas already prone to flooding, and alteration of natural
slopes and drainage patterns.

Natural Resources :

The Texas coastal zone is experiencing geological, hydrological, biolo-
gical and land use changes as a result of man's activities and natural proces-
ses. What was once a relatively undeveloped expanse of beach along deltaic
headlands, peninsulas, and barrier islands is ;mesently undergoing consider—
able development. Competition for space exists for such activities as recrea-
tion, seasonal and permanent housing, industrial and commercial development,
and mineral and other natural rescurce production (270).

The Laguna Madre estuary lies in the West Gulf Coast land resource area
(328), an undulating to rolling, moderately dissected, brush covered plain.
Native vegetation consists of thorny shrubs, mesquite, and tall ‘and short
grasses, Soils vary from calcareous to neutral. Saline and sodic soils are
extensive along the coast.

Land use in the area is dominated by agricultural and ranching activities
(Figure 3-8). Cotton, grain sorghum, frults, and vegetables are the principal
irrigated crops.

The Padre National Seashore, managed by the U.S. Department of Interior,
and the Olmito Fish Hatchery and the Las Palomas Wildlife Management Area,
controlled by the State of Texas,.occur in the immediate vicinity of the
Laguna Madre estuary (Figure 3-9) (330). More than 300 known archeological
sites -and 10'National Register sites occur in the area. Archeological surveys
indicate occupation by aboriginal cultures during the Archaic and Neo-American
perlods (326) In addition, there are five State parks of recreational,
historic, and scenic significance in the area (262, 263).

Natural resources of the bay system and adjoining inland areas provide a
wide variety of recreational opportunities for the people of Texas as well as
visitors from other states.  Inland areas and marshes’ adjacent to the
estuaries provide terrestrial and aguatic habitat for many species of wildlife
such as the endangered Kemp ridley turtle, Jjaguarundi, and Mexican wolf.
Wildlife resources of the area enhance the recreation opportunities for
sightseeing and nature studies, which esthetic benefits accruing to both |
naturalists and environments. T
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Data Collection Program ' - I .

The Texas Department of Water Resources' realized during its planning
activities that, with the exception of data from the earlier Galveston Bay
Study, limited data were available on the estuaries of Texas. Several limited
research programs were underway; however, these were largely mdependent of
one another. The data collected under any one program were not camprehensive,
and since sampling and measurement of envirommental and ecological parameters
under different programs were not accomplished simultaneously, the resulting
data could not be reliably correlated. In some estuaries, virtually no data
had heen collected.

A program was therefore initiated by the Department, in cooperation with
other agencies, to collect the data considered essential for analyses of the
physical and water quality characteristics and ecosystems of Texas' bays and
estuaries. To begin this program, the Department consulted with the U. S.
Geological Survey and initiated a reconnaissance-level investigation program
in September, 1967. Specifically, the initial dbjectives of the program were
to define: (1) the occurrence, source and distribution of nutrients; (2)
current patterns, directions, and rates of water movement; (3) physical,
organic, and inorganic water quality characteristics; and (4) the occurrence,
quantity, and dispersion patterns of water (fresh and Gulf) entering the
estuarine system.  To avoid duplication of work and to pramote coordination,
discussions were held with other State, Federal and local agencies having
interests in Texas estuarine systems and their management. Principally
through this cooperative program with the U. S. Geological Survey, the Depart-
ment has continued to collect data in all estuarine systems.of the Texas Coast
(Figure 3-10 and Table 3-2).

Calibration of the estuarine models (discussed in Chapter V) required a
considerable amount of data. Data requirements included information on the
quantity of flow through the tidal passes during some specified period of rea
sonably constant hydrologic, meteorologic, and tidal conditions. In'addition,
a time history of tidal amplitudes and salinities at various !locations
throughout the bay was necessary. Comprehensive field data collection was
undertaken on the Laguna Madre estuary on July 15-18, 1980. Tidal amplitudes
were measured simultanecusly at numerous locations throughout the estuary
(Figure 3-11). Tidal flow measurements were made at several different bay
cross-sections. In addition, conductivity data were collected at many of the
sampling stations shown in Figures 3-10. Studies of past and present fresh-
water inflows to Texas' estuaries have used all available sources of informa-
tion on the physical, chemical, and biological characteristics of these
estuarine systems in an effort to define the relationship between freshwater
and nutrient inflows and estuarine enviromments.
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Table 3-2. Laguna Madre Estuary Gaging Stations

Station : : Period :
Number : Station Description : of : Operating : Type of
: :  Record : Entity : Record

E Raymondville Drain nr. Port Mansfield 1977- TOWRE/ Cont inuous

F Trickle Ditch nr, Willamar 1978- TDWR Cont inuous

G North Floodway nr. Sebastian 1940- 18w/ Flood Flows Only

H Arroyo .Colorado Floodway, 1958- IBWC Flood Flows Only
South of Harlingen :

1 Cayo Atascosa,-at Wildlife 1978~ TOWR Cont inuous
Refuge, nr. Rio Hondo

44 Laguna Madre GTWW #73 - Wildlife Refuge . 1970- QOEC/ Cont inuous

45 Laguna Madre Small Boat Harbor Channel, 1974~ . QOE Continuous
Port Isabel ’

455 Laguna Madre GIWW Marker #125 — Fort Isabel 1970-74 QOE Cont inuous

J Laguna Madre at Cld Port Isabel Causeway 1981- TDWR Cont inuous

46 Brazos-Santiago Pass, 1968~ OE Cont inuous
N. Jetty, Gulfside Padre Island

211530 Laguna Madre nr. Corpus Christi 1976- usGsd/ Cont inuous

40 North Laguna Madre 1971-75 COE Continuous
Kennedy Memorial Hwy., GIWW Marker #21

41 Baffin Bay ) 1971- COE* Contimuous
Laguna Salado .

42 Baffin Bay 1971-75 OE ’ Cont inucus
GIWW Marker #115 nr. Pt, of Rocks

W# Baffin Bay, Adjacent to Leo Kaufer Co. Park 1980~ TDWR Continuous

A Baffin Bay nr. C.M, 48 ' 1980~ TOWR Continuous

B Laguna Madre, Land Cut, North 1980~ TOWR Continuous

Wi 2 Southeast Point Island at S. End of Land Cut 1981~ ' TDWR Continuous

C Laguna Madre, Land Cut, South 1978- TDWR . Continuous

D Port Mansfield - NopAe/ Cont inuous

43 Port Mansfield Entrance Channel, N. Jetty, 1965~ . QOE Continuous

Gulfside Padre Island

&/ Texas Department of Water Rescurces

b/ Intermational Boundary and Water Commission

</ Corps of Engineers

4/ u. 8. Geological Survey

&/ National Oceanic and Atmospheric Administration

* COE’ property;, operated by TDWR, 1980 N
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Economic Characteristics

Sociceconomic Assessment of Adjacent Counties

The economic significance of the natural and man-made, resources asso-
ciated with the Laguna Madre estuary is reflected in the direct and indirect
linkages of bay-supported resources to the economies of Nueces, Jim Wells,
Kleberg, Brooks, Kenedy, Hidalgo, Willacy and Cameron Counties. Trends in
population, employment, and earnings are presented below for the four county
study area {(Cameron, Kenedy, Kleberg, and Willacy).

Population. The population of the four-county study area experienced an
annual growth of 3.1 percent between 1970 and 1975, which is well above the
statewide figure of 1.7 percent for the same period. Only Kenedy County had
annual growth (-2.3 percent) lower than the statewide average, while Cameron,
Kleberg, and Willacy Counties had annual changes of +3.9, +2.1, and +1.8
percent, respectively,

. In 1975, the population of the four-county area was 219,000. Cameron
County, which includes the City of Brownsville, accounted for 76 percent of
the total. Population forecasts for the period 1975 to 2030 indicate that the
population of the study area can be expected to increase 3.1 percent per annum
to the year 2030, Cameron County is projected to remain the most populated,
growth to 85 percent of the study area population in 2030. Details of future
population estimates for the four-county area are presented in Table 3-3.

Enployment. In 1970, an estimated 54,300 persons were employed in the study
area, and almost 75 percent of these worked in Cameron County.

About 80 percent of the region's employed labor force is distributed
among eight major industrial sectors (Table 3-4). Workers amployed by whole-
sale and retail trade establishments, the largest employment sector, account
for more than 23 percent of the area's labor force.

Industry. The "basic" industries in the area are manufacturing, agriculture-
forestry-fisheries, construction, and mining. These sectors account for 31
percent of .all employment in the study area. In addition to the basic sectors
are the service sectors: wholesale and retail trade, professional services,
civilian government, and amusement- and recreation. These employ almost 50
percent of the region's workers. The service sectors provide goods and
services to the basic industries as well as the general public and are, in
varying degrees, dependent upon them.

The most significant basic sector, in terms of total earnings, is manu-
facturing (Table 3-5). The major portion of manufacturing activity is
centered in the Brownsville metropolitan area.

The Port of Brownsville is another important factor in the regional
economy. In 1975, it was the tenth largest port in Texas, in terms of tonnage
handled. It functions as a maritime harbor as well as an inland harbor with
access via the Intracoastal Canal to ports on the Mississippi River. In
addition to providing basic low-cost transportation for raw materials and
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Table 3-3. Population Bstimates and Projections, Laguna Madre Estuary, 1970-2030 (234)
: 1970~-2000 1970-2030
HE Annual % Annual %
County 1970 1975 : 1980 1990 2000 2010 2020 2030 Change Change
Cameron 140,368 168,100 199,400 248,900 306,700 376,400 452,400 530,000
Annual % Change ' 3.9 3.7 2.5 2.3 2.3 © 2.0 1.7 . 3.9 4.6
Kenedy 678 600 600 500 400 360 300 300
Annual % Change -2.3 0.0 -1.7 -2.0 -2.5 0.0 © 0.0 -1.4 -.9
Kleberg 33,166 33,300 33,800 34,900 36,000 41,200 49,500 62,800
Annual % Change 2.1 .3 .7 .3 1.5 2.0 2.7 .3 1.5
Willacy 15,57C 17,000 18,200 19,000 21,100 23,700 26,700 30,000
Annual % Change 1.8 1.4 .9 .6 1.2 - 1.3 1.2 1.2 1.6
Area Total 189,782 219,000 252,000 304,200 364,200 441,600 528,900 623,100
Annual % Change 3.1 3.0 - 2.6 2.0 21 2.0 1.8 3.1 3.8
State Total 11,198,655 12,193,200 13,393,100 15,593,700 18,270,700 21,540,600 25,548,400 30,464,900
Annuzl % Change 1.7 1.9 1.5 1.6 1.7 1.7 1.8 1.6 1.7
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Table 3-4. Employment by Industrial Sector, Laguna Madre, 1970 (229)

: 1970
: : : : Percent
: o3 T : : - : of Total
: : . HE _ : : Employment
; : : " : o : : : ‘Area : in Study
Sector. : Cameron : Kenedy : Kleberg : Willacy : Total : Area
Wholesale and Retail Trade 10,129 13 1,866 966 12,974 23.9 -
Manufacturing 4,579 9 _844 _ 106 5,538 10.2
Professional Services’ 7,194 47 - 2,578 78 10,602 19.5
Construction 2,817 - 935 160 3,912 7.2
Agriculture, Forestry, and 4,730 . 179 639 1,446 6,994 12.9-
Fisheries : . o
Mining - 103 . - 416 63 582 11
Civilian Government : 2,211 12 _ 722 97 3,042 5.6
Amusement and Recreation - 336 - 60 ‘ m 407 )
All Other - 8,079 . 44 1,596 . 530 10,249  18.9

Total - 40,178 298 9,656 . 4,168 54,300  ° 100.0
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Table 3-5. Earnings by Industrial Sector, Area Surrounding Laguna Madre Estuary, 1970 (228)

1970
: Percent
of Total
: Earnings
: T : : Area : in Study
Sector : Cameron : Kenedy : Kleberg : Willacy : Total : Area
{thousands of 1967 dollars) :
thlesale and Retail Trade 44,541 35 7,521 4,094 56,191 20.6
Manufacturing 23,582 29 6,991 552 31,154 11.5
Professional Services | 18,639 64 6,094 1,970 26,767 9.8
Construction 10,316 - 3,785 565 14,666 5.4
Agricﬁlture, Forestry, and 26,353 799 4,319 7,765 39,236 14.4
Fisheries
Mining 616 - 2,530 . 363 3,509 1.3
Civilian Government 47,495 36 8,782 2,008 58,381 21.5
Amusement and Recreation 1,056 - 156 33 1,245 .5
All Other 32,696 83' 5,992 2,149 40,920 15.0 -

Total 205,294 1,106 46,170 19,499 272,069 100.0




finished products, - it is also an 1mportant source of .direct and lndlrect
employment in the area. . .

The mlneral wealth of the area is also an important factor in its
eConomy . Crude "~ 0il production in 1977 exceeded four million barrels.
Annually, Kleberg County produces about: two-thirds of the regional crude oil
production. Regional natural gas production (gas well and casinghead gas) in
1977 was over 538 billion cubic feet.

$

Agriculture. The four—county area had over $136 mllllon in recelpts from crop
production. in 1977.  Major regional crops are cotton, grain sorghum, .and
fruits.  Livestock and livestock product receipts in 1977 were over $38
'm11110n,=for a total regional agrlcultural output of over $174 million in that
year. _

Summary. 'I'he four—-county area possesses abundant natural and man-made re-—
sources. Examination of projected trends in population, employment, indus-
trial composition, and earnings provides an estimate of the future course of
the area's economy. The future well-being of the regional economy will depend
on the extent to which the diverse economic activities of rnanufacturing,
agriculture, tourlsm, flshlng, and oil and gag mlnlng are able to ooex1st: in

‘the bay environment.

The economic outlook for the study area is somewhat uncertain due to the
limited growth potential of the agricultural, oil and gas, and commercial
. fisheries industries which currently play an important role in the eccnamny.
In view of this situation, water-oriented outdoor recreation. potential will
contribute to economic progress for the area and will tend to increase income
levels and job opportunities above the State norm.

%

Economic Importance of Sport and Commercial Fishing

Introduction. Concurrent with the biological and hydrological studies of the
Laguna Madre estuary, analyses have been performed to compute estimates of the
quantities of sport and commercial fishing and the economic impacts of these
fisheries upon the local and state economies. The sport fishing estimates are
“‘based upon data obtained- through surveys of a sample of fishing parties and
upon the analytic methods presented below. The commercial fishing estimates
“were based on data from published statistical series about the industry.

Sport Fishing Data Base. In cooperation with the Texas Parks and Wildlife
Department three types of sample surveys were conducted for the purpose of
obtaining the data necessary for these studies of sport fishing in the Laguna
Madre estuary. The surveys included: (1) personal interviews, (2) roving
counts; and (3) motor vehicle license plate counts. Personal interviews of a
sample of sport fishing parties on a randomly selected sample of weekend days
were conducted at major access points to the estuaries for the purpose of
obtaining sample data pertaining to fish catch, cost of fishing trip, and
personal opinion information. Concurrent with the personal interview sample
survey, counts of sport flshermen and boat trailers were made at a statlst:r-
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cally randomized sample of boat ramps and wade-bank areas to estimate the
number of sport fishing parties in the bay area. Data for the personal inter-
view sample and fishermen counts conducted during the period September 1, 1976
through August 31, 1977 were used in this analysis. A motor vehicle license
plate sample survey was conducted during the summer of 1977 to obtain addi-
tional information on sport fishing visitation patterns by county of origin.

Sport Fishing Visitation Estimation Procedures. Estimates of total sport
fishing parties were made using data obtained from the personal interview
sample survey and the fishermen and boat trailer counts from the roving count
sample survey. The fishing party was selected as the measurement unit because
expenditures were made for parties as opposed to individuals. Sample data
from the personal interview survey were analyzed to determine the average
number of fishermen per party, the average number of hours fished per party,
and the proportion of boat fishermen actually fishing in the study area. Each
of these average computations were stratified according to calendar gquarter
and fishing strata (boats, wade-bank, or pier).

The roving count sample survey consisted of boat trailer counts at each
of the designated boat ramps and the number of individuals cbserved fishing at
each of the designated wade-bank areas within the study area (estuary system).
An adjustment of the boat trailer count was made to correct for those boats
which were not fishing in the estuary system. Sample data from the boat party
personal interview survey were used to estimate the proportion of boat parties
that were fishing in the study area.

The estimated number of fishing parties at the Laguna Madre estuary
for the study period is stated as follows: ‘

T=2+W+ P

where:
T = Estimated total annual fishing parties,
Z = Estimated number of boat fishing parties,
W = Estimated number of wade-bank fishing parties, and
P = Estimated number of pier fishing parties.

Each of the components of the total fishing party estimating equation is
defined and explained below.

Z = g zZ; (k =1, 2, 3 and 4) and pertains to the calendar quarters
k=1 of the year beginning with September 1, 1976,

where:
Z = Estimated number of boat parties fishing in the Laguna Madre estuary
for the period September 1, 1976 through August 31, 1977.
g = Estimated number of boat parties fishing in the Laguna Madre estuary
during the kth calendar quarter of the study period.
W= o wi (k= 1,2, 3 and 4) as explained above
k=1
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wheré: . o
Estimated number of wade-bank parties fishing in the Laguna Madre
-estuary for the period September 1, 1976 through August 31, 1977,

=
tl

W = Estimated number of wade-bank parties fishing in the Laguna Madre
estuary during the kth calendar quarter of the study period.

P= % Py (k =1, 2, 3, and 4) as explained above.
k=1

where:

P = Estimated number of piler parties fishing in the Laguna Madre estuary
for the period September 1, 1976 through August 31, 1977.

Py = Estimated number of pier parties fishing in the Laguna Madre estuary
during the kth calendar quarter of the study.

The equations and definitions presented above give the results of the sample
estimates of the types of fishing in the estuary. The typical quarterly
sample analysis and individual computing methods are stated and defined below
for the general case, for weekends. Since roving count, and interview data
were not collected on weekdays in this study period, weekday analyses were
based on the weekday/weekend visitation distribution as observed in the motor
vehicle license plate survey. The results for weekdays and weekend days were
summed to obtain estimates for the entire quarter,

For boat fishing:

Z = Estimated number of boat fishing parties on weekend days in
quarter k,

Bk = Estimated proportion of trailers for which there were boat
parties fishing in the study area in quarter k, on weekend days,

R = Number of hours subject to being surveyed per weekend day in
) quarter k (14 hours per day in fall, 12 hours per day in winter, 14
hours per day in spring, and 15 hours per day in summer),
r = Sample boat sites within the study area,

Dk = weekend days in-quarter k (m = 64 in fall, spring, and winter,
m = 67 in sumer),
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Xi4 = Number of trailers counted per hour on weekend days at site i on
] day J, in quarter k, .
Nik = Number of times site i was surveyed on weekend days during quarter

k, and

Average number of hourg fished per boat party on weekend days in
guarter K.

No data were collected for wade~bank and pier fishing in this study
period; therefore, the estimate of wade-bank and pier parties was based on the
relation of wade-bank and pier fishing to boat fishing as observed in the
year-long studies of Corpus Christi and Aransas Bays (258,259).

These typical terms for each fishing type were summed as described above
to obtain the total annual sport fishing visitation estimate in parties. The
number of persons per party, cost per party per trip and county of origin of
each party were also computed.

Sport Fishing Visitation Estimates. Results from the visitation estimation
equations indicate that more than 180 thousand fishing parties annually visit
the Laguna Madre estuary. (Table 3-6}. Seasonal visitation as a percentage of
annual visitation ranged from a high of more than 41 percent for the summer
quarter to a low of approximately 12 percent during the winter quarter. The
distribution of fishing parties by strata indicates that wade-bank fishing
accounted for about 38 percent of annual visitation followed by boat fishing
with approximately 37 percent (Table 3-6).

Sport Fishing Visitation Patterns. Although the personal interview infor-
mation included the county of residence of the interviewee, the number of
interviews (423 in all) was too small to estimate a general visitation pattern
to the estuary system. Thus, an intensive sample survey was undertaken in the
summer of 1977 to observe, in conjunction with the roving count, the motor
vehicle license plate numbers of fishing parties. From the license plate
numbers, the wvehicle's registration county, presumably the fishing party's
county of residence, could be determined. In this way, the effective sample
size was increased.

The results of the survey show that over 90 percent of fishermen at the
Laguna Madre estuary came from the following seven counties —— Cameron (20.1
percent of the summer 1977 wvisitation), Bexar (17.4 percent), Hidalgo (17.2
percent}, Nueces (13.4 percent), Harris (11.7 percent), Dallag (5.5 percent)
and Willacy (4 9 percent). A more general visitation pattern distinction of
"local” and "nonlocal" was also made. "Local," for the purposes of this
study, includes counties within approximately 60 miles of the estuary area.
For the Laguna Madre estuary, these counties are Nueces, Jim Wells, Kleberg,
Kenedy, Brooks, Willacy, Cameron and Hidalgo. “Non—-local" comprises all other
Texas countlies and ocut—of-state visitors.

Since it is expected that the proportions of local and nonlocal bay sport
fishermen vary from season to season, an attempt was made to estimate this
pattern for seasons other than the summer period. The only information
available on visitation patterns for all seasons was the sample of personal
interview data which, in addition to the gmall number of observations, was
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Table 3-6. Estimated Seasonal Sport Fishing Visitation to . the Laguna Madre |
- Estuary, 1976-1977 &/

»

Season b/ : Boat : . Wade-Bank ¢/ : Pier d/': Total - Ail Strata

(thousands of parties)

Fall ‘ 0.7 . 15.1 108 36.6
. (2.59) (2.26) (2.29)

Winter 4.0 145 2.3 20.8
(2.26) (1.98) (2.37)

Spring 12.1 TR 21,3 48.5
A (2.48) (2.52) - (2.10)

Sumer - 16.9 . 24,4 32.9 74.2

| (2.57) (2.23) (2.35)

Total A1l - 43.7  69.1 613 180.1

Seasons (2.52) (2.25)  (2.26)

a/ The figures in parenthesis indicate the weighted average number of
fishermen per party for the respectlve flshlng type and quarter for the
two estuarine systems.

. b/ Fall = September, October and November
Winter = December, January and February
Spring = March, April and May
Summer = June, July and August

¢/ Wade-bank fishermen/party data obtained fran (258 259)
~d/ Pier flshermen/party (258,259}
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felt to be biased toward local parties. Thus, the summer license survey
visitation pattern was compared to the summer interview pattern, for the
purpose of computing an adjustment factor. This was applied to the remaining
guarters of interview data to remove the bias toward local data and provide a
more accurate reflection of year-round visitation patterns (Table 3-7).

-

Sport Fishing Direct Expenditures. During the interview, a guestion was asked
of the party head for total expected cost of the trip for the entire group,
including food, lodging, and gasoline. The personal interview survey sample
of fishing party expenditure data was grouped by origin (local or nonlocal).
As previously mentioned, no data were collected for wade-bank and pier parties
during this study period; therefore, the relationship between average cost per
boat party and wade—-bank and pier parties from the 1975-1976 study of Corpus
Christi Bay (259) was used to estimate average cost per party for the two
strata. The average cost per party for the various fishing types and origins
(Table 3-8) was applied to the adjusted visitation distribution estimates
(Table 3-7) and visitation estimation by type (Table 3-6) to obtain an esti-
mate of total sport fishing expenditures (Table 3-9). More than 40 percent of
the estimated $9.72 million expenditures was made during the summer and 27.4
percent was made during the spring quarter (Table 3-9).

Sport Fishing Economic Impact Analysis. Sport fishing expenditures exert -an -
effect upon the economies of the local regions where fishing occurs and upon
the entire State because of transportation expenses,.sport fishing equipment
sales, and service sector supply and demand linkages directly and indirectly
associated with fishina expenses. The direct, or initial, business: effects
are the actual expenditures for goods and services purchased by sport fishing
parties. For this analysis, the expenditures for transportation, food, lod-
ging, equipment, and other materials and services purchased were classified by
economic sector. Specifically, the expenditures that vary with size of party,
duration of trip, and distance traveled, i.e., variable expenditures, were
classified into: recreation (including marinas, boat rental fees, and boat
fuel); fisheries (bait); eating and drinking establishments; lodging services;
and travel (gasocline and auto service stations). Equipment expenditure infor-
mations for boat insurance, boats, motors, trailers, and fishing tackle is not
available. Thus, this analysis is an understatement of the total business
associated with sport fishing in the Laguna Madre estuary.

Indirect impacts are the dollar values of goods and services that are
used to supply the sectors which have made direct sales to fishing parties.
Each directly affected sector has supplying sectors from which it purchases
materials and services. The total amount of these successive rounds of pur—
chases 1s known as the indirect effect. The total business effects of sales
of equipment, supplies, and services to fishing parties upon the regional and
state economies include the direct and indirect incomes resulting from the
direct fishing business. Each economic sector pays wages, salaries and other
forms of income to employees, owners and stockholders who in turn spend a
portion of these incomes on goods and services. In this study, the method
used to calculate this total impact is input-output analysis, using the Texas

Input-Output Model (237) and regional input—output tables derived from the
state model (241). 1/

_1_7 Input-cutput relationships were estimated for Nueces, Kleberg, Jim Wells,
Kenedy, Brocks, Willacy, Hidalgo, and Cameron Counties.
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Table 3-7. Estimated Seasonal Sport Flshlng Visitation Patterns at Laguna
Madre Estuary, 1976-1977

*

Visitation . Fall : Winter Spring Summer Total-Annual
T T " (thousands of parties). :

Local 13.4 8.6 21.6 27.3 70.9
Nonlocal o 23.2 12,2 26.9 36.9 . 109.2
Total Visitation  36.6  20.8  48.5 74.2 . 180. 1

Table 3-8. Estimated Average Cost per Sport Fishing lf'arty by Type and
Origin, Laguna Madre Estuary, 1976-1977

Average Cost ‘ | Weighted

per party : Boat : Wade-Bank : Pier : Average
- — (7976 doTTazer :

Local 26,12 18.96 22,40 21.98°

Nonlocal 87.11 ' 70.60 7i.14 : © 74,78

ITI-31



Table 3-9. FEstimated Sport Fishing Expenditures by Season and Fishing Party
Type, Laguna Madre Estuary, 1976-1977 '

-

Season a/ : Boat : ' Wade-Bank : Pier : Total : Percent

"

(thousands of 1976 dollars)

Fall = 648.9  752.9 505.5  1,907.3 19.6

Winter 285.1° 782.2 ©125.5  1,192.8 12.2
Spring 818.7 763.9 ¢ 1,079.7  2,662.3 27.4
Summer 994.5  1,160.6 1,810.7  3,965.8 40.8
Total  2,747.2 2,695.7 1,710.7  9,728.2 100.0
a/ Fall = September, October and November
Winter = December, January and February
Spring = March, April and May
Summer = June, July and August

I11-32



The expenditure data collected by personal interviews of a sample of
fishing parties at the Laguna Madre estuary (Table 3-9) indicated only the
magnitude of variable expenditures by sport fishermen. To estimate the
sectoral distribution of all expenditures, the interview data were supple-
mented with data from estimated retail sales in 1975 by marine sport fishing
related industries in the West Gulf of Mexico region (Mississippi delta to
Mexican border) (388). To account for different origins and types of fishing
parties, variable expenditures were analyzed for each of the four types of
fishing parties: local boat parties; local wade-bank parties; nonlocal wade—
bank parties; and nonlocal boat parties. Variable expenditures, except for
travel, were classified as having been made within the local region, since
that is the site at which the service is produced. For the travel sector, it
was assumed that one-half of the expenditures occurred within the local area
and one-half occurred elsewhere in the state en route to the study area.

The results of the survey show that variable sport fishing expenditures
in the local area of the Laguna Madre estuary were over $8.68 million. In
addition, there was an estimated $1.04 million spent outside the region, with—
in Texas (Table 3-10). Most of the expenditure impact, over 89 percent,
accrues to the region. However, when the total impacts are calculated, the
regional gross impact of over $19.15 million accounts for more than 61. percent
of the gross dollar value statewide (Table 3-11). This spreading of impact
results from business and industry market linkages among regional establish~
ments and suppliers throughout the State.

Approximately 35 percent of the direct expenditures by sport fishermen in
the region results in increased personal incames for regional households
~ directly affected by the sport fishing industry. From these data it is
estimated that regional households received an increased annual incame of over
$5.6 million from the sport fishing business in the area (Table 3-11)., State-
wide, the income impact amounted to over $8.8 million, annually.

The input-output analysis estimated a total of 520 full time Jjob equiva-
lents directly related to sport fishing in the Laguna Madre estuary region in
1976 through 1977, Statewide, an additional 91 full time job equivalents were
estimated to be directly related to the expenditures for sport fishing. The
total employment impact to the State economy was 1038 full time job equiva-
lents (Table 3-11). ‘

Revenues to state and local govermments (including schools) are positive—
ly impacted by the increased business activity and gross dollar flows fram
‘gport fishing business. The total statewide State tax revenues anounted to
over $319.7 thousand, with $216.5 thousand collected in the local region.
Most of the State revenues were received from the rest of the State and not
from the surrounding estuarine region. However, the total tax revenue impacts
for local jurisdictions were concentrated within the region where an estimated
$334,6 thousand resulted from direct, indirect and induced sport fishing
expenditures (Table 3-11). In addition, local goverments outside the Laguna
Madre estuary region collected an estimated $154 thousand in taxes on travel
expenditures by fishing parties in 1976 through 1977,

The data show that sport fishing in the Laguna Madre estuary region
results in a larger economic impact in areas outside the region than within
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Table 3-10., Estimated Sport Fishing Variable Expenditures by Sector, Laguna
Madre, Estuary, 1976-1977 '

- - - -
- .

Bait : Travel : Food : Lodging : Recreation Q/'f Total

Total 2,582.8 2,480.8 841,2 2,766.3 1,057.1 9,728.2 b/

a/ Marinas, boat fuel, and boat rental .
b/ Adjusted for travel expenditures cutside the study area 9,728.2 - 1,042.1,
Expenditures in the region = $8,686.1 thousand

Table 3-11. Direct and Total a/ Economic Impact fram Sport Fishing
Expenditures, Laguna Madre Estuary, 1976-1977 b/

Direct ¢/ : Total
: Regional State Regional State d/
Output $8,686.1 $9,728.2 $19,151.3 $31,378.5
( thousands)
Employment 520 611 734 ‘ 1,038
{Man-Years)
Income 3,056.6 3,576.5 5,657.9 8,888.7
( thousands)
State Tax
Revenues g/ 72,5 216.5 319.7
(thousands)
Local Tax
Revenues e/ 102.5 334.6 488.6
(thousands)

a/ Total = direct, indirect, and induced

b/ Values in 1976 dollars

¢/ Direct impacts for the region and state differ due to the travel expendi-
ture adjustment

d/ Statewide expenditures include the regional nnpagts

e/ Data not available
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the region. However, data necessary to analyze the effects of the sport fish-
ing equimment business were not available. Thus, the annual statewide gross
output impact of over $31.37 million represents a contribution to the State's
economy from only the variable expenditures by sport fishermen in the estua—
rine region and does not include the effects of purchases of sport fishing
equipment.

Economic Impact of Commercial Fishing. The analysis of the cammercial fishing
industry in the Laguna Madre estuary was somewhat limited by the availability
of estuary-specific data. Estimates made of the estuary's total contribution.
to the cammercial fisheries harvest were based on the fisheries inshore-
offshore harvest distribution. However, the specific markets into which the
fish catch were marketed are not known. Thus, for this portion of the analy-
sis it was assumed that the markets were in Texas and that the statewide
average prices were appropriate and applicable.

The average annual commercial fishing contribution of the estuary was
estimated at 3,910,200 pounds (1.8 million kg) of finfish and 874,100 pounds
(396,500 kg) of shellfish for the period 1972 through 1976. Using 1976 dock-
side finfish and shellfish prices ($.357 per 1lb. and $1.456 per lb., respec—
tively), the direct commercial value of fish attributed to the estuary was
estimated at $2.67 million (1976 dollars) (358). Red Drum, Black Drum, and
Seatrout constituted approximately 86 percent of this value.

The Texas economy-wide total business resulting from cammercial fish
catch attributed to the Laguna Madre estuary was estimated using the 1972
Texas Input—Output Model fisheries sector multipliers. Total value of the
catch was $2.67 million (1976 dollars), direct employment in the fisheries
sector was 97, and direct salaries to fisheries employees was $891 thousand
(Table 3-12).

Gross Texas business resulting from fishing, processing, and marketing
the catch attributed to the estuary was estimated at $8.3 million. Indirect
supporting and marketing activities provided an additional 97 full time job
equivalents regionally and an additional 50 full time job equivalents state—
wide. Gross personal incame in Texas attributed to the estuarine fishing and
supporting sectors was estimated at $2.3 million, State taxes at $75.5 thou-
sand, and taxes paid to local units of goverrmment throughout Texas, as a
result of this fishery business, at $104.9 thousand in 1976 (Table 3-12).

Summary of Economic Impact of the Sport and Commercial Fisheries. Analyses
have been performed to campute estimates of the quantities of sport and
commercial fishing and the economic . impact of these fisheries upon the local
and state economies.

Sport fishing expenditures exert an effect upon the econcmies of the
local regions where fishing occurs and upon the entire State because of trans-
portation expenses, sport fishing equipment sales, and service sector supply
and demand linkages directly and indirectly associated with fishing expenses.
Direct business effects include expenditures for goods and services purchased
by sport fishermen (transportation, food, lodging, equipment). Indirect
impacts are the dollar value of goods and services that are used to supply the
sectors which make these direct sales to fishing parties. Other indirect
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Table 3-12. Direct and Total a/ Economic Impact of Commerc1al Flshlng in the
"Laguna Madre Estuary, 1976

- : Total

Fishing : Regional : State

Sector . : :
Output . $2,668.6 5,596. 1 8,312.7
{1000's 1976$) ~ -
Employment 97 , 147 : 207
{Man—Years) -
Income ' 891.6 1,871.4 . 2,286.0
{1000's 1976 $)
State Tax Revenues 10.1 65,3 75.5
(1000's 1976 S)
Local Tax Revenues 12.0 8t.1 _ 104.9

{1000"s 1976 S)

a/ Total = direct, indirect, and induced
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impacts ‘include wages, salaries and other forms of income to employees, owners
and stockholders.

The method of input-output analysis, using both the Texas Input-Cutput
Model and regional tables derived from the state model, was used to calculate
the total impact. The results showed that variable gport fishing expenditures
in the local area were greater than $8.68 million. In addition, there was an
estimated $1.04 million spent outside the region, within Texas.

Approximately 35 percent of the direct expenditures by sport fishermen in
the region resulted in increased perscnal incomes for regional households
directly affected by the sport fishing industry. Statewide, the income impact
amounted to over $8.8 million, annually. In addition, the total employment
impact to the State economy was 1038 full-time job equivalents.

Revenues to State and local government (including schools}) were positive—
ly impacted by the increased activity and gross dollar flows from the sport
fishing industry. The total statewide State tax revenues amounted to more
than $319 thousand.

Estimates were made of the total (inshore-offshore) commercial fisheries
harvest dependent upon the Laguna Madre estuary. The average cammercial
fisheries contribution was estimated at 4.8 million pounds of finfish and
shellfish for the period of 1972 through 1976. The total value of the catch
was $2.67 million (1976 dollars), direct employment in the cammercial fish-
eries sector was 97, and direct salaries to fisheries amployees was $891
thousand.,

I11-37



CHAPTER IV

HYDROLOGY

Introduction

Detailed studies of the hydrology of areas draining to the Laguna Madre
estuary were necessary to estimate historical freshwater inflows from contri-
butory areas, only a portion of which are gaged. Of all Texas hasins, only
the Nueces-Ric Grande Coastal Basin contributes inflow to the Laguna Madre
estuary. The Rio Grande is separated from the estuary by a coastal land mass
and does not contribute to freshwater inflow. An earlier section of this
report (Chapter III, "Influence of Contributory Basins") describes upstream
reservoirs in the major basins. The present section deals with aspects of the
quality and quantity of freshwater inflow from a historical perspective.

Freshwater Inflows

Freshwater inflow contributions to the Laguna Madre estuary consist of
{1) gaged inflow from the Nueces-Rio Grande Coastal Basin (2} ungaged runoff,
(3) return flows from agricultural sources in ungaged areas; and (4) precipi-
tation on the estuary. The following paragraphs consider each of these
individually. In addition to freshwater inflow, evaporation fram the bay
surface is considered in order to arrive at a freshwater inflow balance.

Gaged Inflow, Laguna-Madre Estuary

The Nueces-Rio Grande Coastal Basin has a total gaged drainage area of
1,347 square miles {3,504 km2). This inflow enters Laguna Madre estuary-
from San Fernando Creek and Los Olmos Creek {intc Baffin Bay) and from the
North Floodway and the Arroyo Colorado (into the lower Laguna Madre). Gaged
contributions have averaged 335,000 acre-feet/year (411 million m3/yr) over
the period 1941 through 1976 (Table 4-1). Gage vyields fram the Nueces-Rio
Grande Coastal Basin (1941 through 1976} have averaged 249 acre-feet per
square mile (1186 m3/ha). Gaged flows have accounted for 49 percent of the
combined inflow 1/ and 17 percent of the total freshwater inflow 2/ (Table
4=2),

Ungaged Runoff Contribut ions

Ungaged drainage areas contributory to the Laguna Madre estuary include
some 2,686 square miles (6,995 km2) in Nueces-Rio Grande Coastal Basin. To
facilitate the study of inflow contributions, the ungaged drainage contri-
buting to the Laguna Madre estuary was divided into eleven subbasins which
contribute flow into Baffin Bay and six subbasins contributing flow into lower

1/ Combined inflow = (total Baffin Bay inflow) + (total lower Laguna Madre
Inflow) _ . ~ ‘

2/ Total freshwater inflow = (combined inflow) + (direct precipitation on the
estuary) .



Table 4-1, Monthiy Freshwater Inflow, Laguna Madre Estuary, 1941-1976 a/
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a/ Rounding errors may result in small differences between Tables 4-1 and 4-2.



Table 4-2. BAnnual Freshwater Inflow, Laguna Madre Estuary, 1941-1976 3/ b/
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Laguna Madre (Figure 4-1). Using a Thiessen network (335), the weighted daily
precipitation was determined for each subbasin. A water yield model which
uses daily precipitation, Soil Conservation Service average curve numbers, and
soil depletion index (Beta) to predict runoff fram small watersheds, was
calibrated with two gaged subbasins located within the contributing drainage
area and adjacent drainage areas (329). Statistical correlations between
annual and monthly gaged and simulated runoff were used to determine the
"goodness of fit" of the calibration procedure. The calibrated model was then
applied to the ungaged runoff (Table 4-3).

During the period 1941 through 1976, ungaged runoff to the Laguna Madre
estuary averaged 136,000 acre-feet/year (168 million m3/yr) for the upper
Laguna Madre and 172,000 acre—feet/year (213 million m3/yr.) for the lower
Laguna Madre. Runoff yield averaged 68 acre-feet/mi2 (324 m3/ha) and 254
acre-feet/miZ2 (1209 m3/ha) respectively from ungaged drainage areas.
Total ungaged inflow accounted for 44.8 percent of the cambined inflow and
15.6 percent of the total freshwater inflow to the Laguna Madre estuary over
the 1941 through 1976 periocd (Table 4-2).

Ungaged Return Flows

Return flows . from municipalities and industries within the ungaged
subbasing were estimated from data provided by the Texas Department of Water
Resources (TDWR) self-reporting system and were considered insignificant.
Irrigation return flows in ungaged areas were also calculated using agency
data. Average return flows over the 1941 through 1976 period were approxi-
mately 46,000 acre-feet per year (56.8 million m3). Estimated ungaged
return flows accounted for seven percent of the cambined inflow and two
percent of the total freshwater inflow to the Laguna Madre estuary (Table 4-2)
over the 1941 through 1976 period.

Combined Inflow

A category termed "combined inflow" is obtained by aggregating gaged
inflow contributions, ungaged runoff, and estimated ungaged return flows.
Over the period 1941 through 1976, cambined inflows have averaged 689,000
acre-feet per vyear (851 million m3/yr.) (Table 4-2). Combined inflow
accounts for 35 percent of the total freshwater inflow to the Laguna Madre
estuary over the 1941 through 1976 period. Average monthly distribution of
cambined inflow are shown in Fiqure 4-2. Wide variationg in monthly canbined
inflow have occurred throughout the period of record (Figure 4-3).

Precipitation on the Estuary

Direct precipitation on the 566,400 acre (214,545 hectare) surface area
(231) of Laguna Madre estuary was calculated using Thiessen-weighted precipi-
tation techniques (335). Over the 1941 through 1976 period, annual mean
precipitation amounted to 1,300,000 acre-feet per vear (1.61 billion
m3/yr.). Direct precipitation accounted for 65 percent of the total
freshwater inflow to the Laguna Madre estuary (Table 4-2) over the period 1941
through 1976.
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Table 4-3. Runoff from Ungaged Areas, Laguna Madre Estuary
Average Curve Explained 77
Precipitation Number ¢/ Variation : Gaaed
Drainage : : Average ) 3
Subbasin Description Area NWS a/ Weight b/: Runcf £ : T .TTIEGS : Perlod
(miZ} Station Factor ac—ft:/mi2 Beta x10° ° &/ ;mm;al H Mon;h_ly 1 Station of
No. (1941-1976) - r : r : RN 1 Record
22020 Laguna Largo 134 1651 1.00 75 56/ 49.6
Coastal .
22021 Petronila Creek 191 1651 1.00 106 60 / 80.7
Lower
22022 Petronila Creek 228 7677 1.00 48 35 / 105.2
Middle
22023 Petronila Creek 91 0144 1.00 53 50/ 140.2
Upper
22024 Chiltipin Creek 84 4810 1.00 150 65 / 57.8
22025 Kleberg Point 89 1651 1.00 106 60 / 80,7
Coastal
22030 San Fernando Creek 64 4810 1.00 98 60 / 72.8
Lower .
22031 San Fernando Creek 274 4810 1.00 61 55 / 95.4
Middle
22032 San Fernando Creek 434 0144 1.00 35 45 / 230.0
Upper . .
22033 San Fernando Creek 507 0144 1.00 45 45.48 / 253.0 .88 .81 Ngz1i%00  i1965-76
above Alice
22040 Los Olmos Creek 255 4810 1.00 99 80 / 72.8
Lower
22041 Los Olmos Creek 162 3063 1,00 25 a0 / 487.6
Upper -
22042 Los Olmos Creek 480 3063 1.00 16 34.62 / 13,994.0 .63 .59 08212400 13967-76
at Falfurrias
22050 Raymondville 122 - 7458 1.00 238 75/ 47.7
22057 Port Mansfield 102 1184 1.00 255 s/ 441
Coastal .
22060 Sebastian 97 3943 1.00 261 s/ 45.8
22079 Arroyo City 64 7184 1.00 255 75/ 44,1
Coastal
22080 Harlingen 181 3943 1,00 261 75/ 45.8
22030 Port Isabel 114 7179 .00 242 75/ 46.6
North Flocdway near 354.4 * 08470200 1941-76
Sebastian
Arroyo Colorado 199.2 * 08470400 1941-52

at Hariingen

1965-76

*

Representative average annual runoff not available because of Rio Grande flood diversions
National Weather Service

Percentage of area of influence expressed as a factor (335)
An assigned parameter for a particular hydrologic soil-cover complex (329)

50il moisture depletion coefficient {329)
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Total Freshwater Inflow

Total freshwater inflow includes gaged contrlbutlons, ungaged runoff,
return flows from ungaged areas and direct precipitation on the estuary. For
the 1941 through 1976 period, averaqe annual freshwater inflow amounted to
1,989,000 acre-feet (2.45 billion m3). Average rronthly distributions of
total freshwater inflow are shown in Figure 4-4, -

Bay Evaporation Losses

Gross surface evaporation rates for the estuary were calculated from
Texas Department of Water Resources pan evaporation data (317). Since the
reduction in evaporation due to estuarine salinity is never in excess of a few
percent (over an extended period of time), salinity effects were neglected.
The estimation of evaporation over the 566,400 acre (214,545 hectare) estuary
surface averaged 2,758,000 acre—feet per year (3.41 billion m3/yr.). When
compared to total freshwater inflow, evaporation on the estuary's surface was
about 139 percent of total inflow over the 1941 through 1976 period.

Freshwater Inflow Balance

A freshwater inflow balance for the period of 1941 through 1976 is shown
in Table 4-2. Negative numbers indicate evaporation exceeding total fresh-
water inflow (during periods of extreme drought). For the 1941 through 1976
period, the mean freshwater inflow balance amounted to -768,000 acre-feet per
year (-.95 billion m /yr

Variations in Inflow Components Through Drought and Flood Cycles

Although previous paragraphs have described the components of * freshwater
inflow in terms of annual and monthly average values over the 1941 through
1976 period, there have been wide variations fram the mean as a result of
recurrent drought and flood conditions. Monthly inflows and their corre—
sponding exceedance frequencies are shown in Table 4-4. The "50%" column for
each component inflow represent a 50 percent probability that the corre-
sponding inflow will bhe exceeded in the given month. These values can be
compared to average values given in Table 4-1. Columns marked "10%" (probabi-
lity of exceedance) indicate component wvalues for wet year conditions, one
year in ten. Columns marked "90" (probability of exceedance indicate cam—
ponent values for drought conditions, one year in ten. Further illustration
of near limit probabilities are provided in Figures 4-2 and 4-4 for combined
inflew and total freshwater inflow, respectively.

Quality of Gaged Inflows, Laguna Madre Estuary

There are four USGS gaging stations which monitor inflow to the Laguna
Madre estuary, although only one of these collects any water quality data.
" This station, on Los Almos Creek (USGS No. 08212400} which drains into Baffin
Bay, was generally found unsuitable for statistical purposes because of the
distant inland location of the station itself, the.intermittent nature of the

y v
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Tabie 4-4. Monthly Inflows to the Laguna Madre Estuary for Correspondimg Exceedance Freguencies a/, b/, o/

Month : Gaged : Ungaged : Total :  Gaged : Ungaged : Ungaged : Total I Combined :Precipitation: dotal : Bay
Baffin : Baffin . Baffin : Lower : Lower - : Irrigation: Lower :Laguna Madre: on Bav :Freshwater @ Evarmoraticn
:Bay Inflow :Bay Inflow :Bay Inflow :Laguna Madre:Laguna Madre: Return :Laguna Madre: Infiow o Inflow Losses
: : : Inflow : Inflow : Inflow : Inflow : : :

.10% 50% 90% 10% 50% 90% 10% 50% 90% 10% 50% 90% 10% 50% 90% 10% 50% 90% 10% 50% 90% 103 50% 90% 10% S0% 90% 10% 50% 90% 10% 50% 90%

January o 0o 0 4 O G 4 0 Q0 3v 1 4 25 0 0 5 3 2 5 18 7 65 19 6 178 46 11 234 73 22158120 90

February 0 O 0 17 0 ¢ 117 ¢ 0 34 11 3 20 0 0 oz 1 52 15 5 67 18 5 249 47 6 254 73 21 168 124 9

March c 0 0 3 0 0 4 © 0 23 12 6 _ 5 0 0 7 4 3 3 18 9 39 9 g 121 31 6 126 55 24 213 167 129
April 2 0 0 1 0 0 18 0 0 3% 14 6 22 1 0 7 5 3 81 2410 76 27 10 224 5211 258 87 30 240 197 160
May 3 0 0 45 0 ©C 47 0 O©0 39 17 7 8 6 C 6 4 3 B0 33 14 117 39 14 257 103 40 360 150 63 285 239 200
June 2 0 0 22 c 0 23 0 0 47 17 5 61 5 0 8 S 3 100 3412 1e& 3713 318 77 18 398 122 37 355 288 233
July 2 9 0 20 0 C 23 0 0 33 13 5 15 0 0 5.3 2 47 20 9 74 23 8 183 41 7 238 71 22 436 357 290

August 3 0 6 14 0 0 15 0 0 34 12 4 30 0 4 2 1 64 19 & 78 23 7 331 17 14 377 102 27 449 365 296
September 22 0 0 9 2 0110 2 0 126 25 6 142 13 0 6 4 2 248 48 10 355 59 11 548 212 79 889 293 98 346 291 244
October 5 ¢ 0 4 0 0 62 0 0 103 20 4 7100 5 6 4 170 44 13 230 51 13 390 113 25 635 174 46 309 249 199
November 0 ¢ 0 3 0 ¢ 4 0 0 47 14 5 20 2 @ 4 2 o685 21y 7 63 22 8 186 53 15 242 86 31 241 i88 148

December O 0 O 4 0 0 4 0 0 28 14 7 14 0 0 5 3 2 42 19 9 54 20 8 180 45 10 214 71 24 185 138 103

a/ Units are thousands of acre—feet.
b/ Exceedance freaquencies indicate the probability that the corresponding monthly inflow will be exceeded during the given month.

¢/ Computed values based on 194) through 1976 hydrological periocd.



flow in the stream, and the infrequency with which data was actually ~col-
lected.

The Texas Department of Water Resources maintains five water quality
monitoring stations for monitoring stream segments as part of the statewide
monitoring program within the Laguna Madre drainage area. Streamflow data arve
not collected, however, at these points and these stations fall within ungaged
drainage areas, Even if stream gaging data were taken at these locations, the
intermittent nature of the streams and the infrequency of stream quality data
collection would generally portend very little usefulness to analyses of the
data at these sites.

Notwithstanding these somewhat unfavorable conditions for data analyses,
a few preliminary findings can be made from the data that have been collected
at the five TOWR sites.

Water quality varies significantly over a wide range due to the intermit-
tent nature of the stream flow and the phenomenon of the first flush during a
major rain, in which large amounts of foreign matter are washed intc the
stream from the surrounding countryside, Much of the study area is located
on sandy s0il with high permeability and low runoff potential; thus much of
the area is noncontributory. Drainage ways are not well developed because the
land is flat with little natural relief. Vegetation in the area is generally
scrub brush and grasses which is used for cattle grazing, the rest of the
region is used for various agricultural activities. Oil field operations have
taken place in some parts of the area in the past and these operations have
increased the salinity of drainage ways to some extent because brine from
these operations was often disposed of in surface leach plts Much of this
salt still remains in the soil.

The general quality of water draining into the Laguna Madre estuary is
believed to be good, although there is little basis in the existing data to
prove this point. The intermittent nature of the streams and the first flush
phencomenon dictate that sampling times and locations be selected with care and
results be analyzed with a full knowledge of the condition of the stream at
the time the sample was collected.

Quality of Estuarine Waters

Historical concentrations of carbon, nitrogen, and phosphorus (CNP) in
Texas estuarine systems are largely unknown.  Until 1968, water quality
parameters in the open bays had not been monitored on a regular long-term
basis. A regular program of water quality data collection in Texas estuaries
was initiated hy the cooperative efforts of the U.S. Geological Survey and the
Texas Department of Water Resources. Manpower and monetary constraints limit
the mumber of sites and the frequency of sampling. Concurrent with the
cooperative efforts of these two agencies, additional nutrient data were also
made available through contract work performed by Espey, Huston and Asso—
ciates, Inc. (Austin, Texas) in 1977 and 1980, :

Laguna Madre estuary was divided into thirteen distinct segments: (1)
the northern end of upper Laguna Madre; (2) Baffin Bay (inclusive); (3) the
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southern end of upper Laguna Madre; (4) "Land Bridge" region of Laguna Madre;
{5) the northern end of lower Laguna Madre above Port Mansfield; (6) lower
Laguna Madre at Port Mansfield; (7) lower Laguna Madre at Arroyo Colorado; (8)
lower Laguna Madre below Arroyo Colorado; (9) South Bay; (10) Baffin Bay
(proper); (11} Laguna Salada; (12) Cayo del Grullo; and (13) Alazan Bay.
These are the seoments considered in the nutrient analysis study of the Laguna
Madre estuary {Figure 4-5).

Freshwater inflow to the upper portion of the Laguna Madre is by means of
numerous intermittent streams that enter Baffin Bay; these streams are dry
except during periods of substantial precipitation (332). In the lower
portion, freshwater input is mainly via channelized floodways that carry over—
flow from the Rio Grande basin and the Nueces-Rio Grande coastal basin. These
include Raymondville Drain, the exiskting Willacy County Ditch (Existing Ditch)
dredged by the U.S. Corps of Engineers, the North Floodway, and the Arroyo
Colorado. These drainage outfalls also carry local runoff, effluents, and
agricultural drainage. The Arroyo Colorado, in particular, carries a substan—
tial amount of treated sewage.

Data samples were available from four sources: (1) the USGS-TDWR and
statewide monitoring network data stations for the period 1968-1977 (his-
torical data); (2) published records from the July, 1977 Field Data Survey by
Espey, Huston and Associates, Inc. {1977 Field Survey Data) for the Environ-
mental Effects Assessement of a major drainage improvement project proposed
jointly by Hidalgo County Drainage District No. 1 and Willacy County Drainage
District No. 1; (3) unpublished records from the 1979-1980 Field Data Survey
at USGS-TDWR line sites by the U.S. Geological Survey (1979-1980 Field Survey
Data); and (4) unpublished records from a July, 1980 Laguna Madre Inflow Study
. by the Texas Department of Water Resources (1980 Field Survey Data). Sampling
sites for these four data sources are shown in Figures 4-5 and 4-6.

Sampling sites used by Espey, Huston and Associates, Inc. in the July,
1977 Field Data Survey were selected to provide a broad coverage of the Lower
Rio Grande Valley area in the general vicinity of the proposed Hidalgo—Willacy
County Stormwater Disposal Channel. Sampling stations used in the July, 1980
Laguna Madre Inflow Study were located at major exchange points of flow into
and- out of Laguna Madre estuary. The USGS-TDWR and statewide monitoring
stations that fell within a segment location and had data available were used
for determining the mean concentrations of nutrient parameters for that
segment. :

Parameters considered were total nitrogen, total phosphorus, total
organic carbon, and total Kjeldahl nitrogen (i.e., free ammonia plus organic
nitrogen compounds). Ammonia nitrogen, nitrite nitrogen, and nitrate nitrogen
were summed for each sample station in each segment or for each exchange point
to arrive at total available nitrogen concentrations. Ammonia nitrogen and
organic nitrogen were summed for each sample station in each segment or for
each exchange point to arrive at total Kjeldahl nitrogen concentrations.

A limited mumber of seasonal samnples for each water guality parameter
made seasonal comparisons infeasible. Thus, the historical data and the 1979-
1980 Field Survey Data were summed in each segment location for each para-
meter, respectively, and then averaged to arrive at a mean sample value for
the combined years of 1968-1977, and 1979-1980, respectively (Tables 4-5 and
4-7). For the 1980 Field Survey Data, nutrient samples for each parameter
were collected approximately every two hours over a two-day period at the

v-13’



GTHB

CNUECES CO

KLEBERG CG |

LORPUS CHRIST?
BAY

2491.02

VRPSG L AGUNS
MAORE

il

£

W m:mﬂs?‘m_% Y.

WATERWAY -

WILLACY CO.

Porl  Monb

Srate M85 e

AREDYE

COLORADG-

1

Mo

2491.06

s

w
P Brownswitle

are 5y

a8

0 SOMILES

6 JE KILOMETEAS

Loandbridgs  {(sand ond mud fiols tha! are
tnundated only by starm tides)

T
or

2

10 -

Locaton mop

‘EXPLANATION
Data-collection line number

USGS-TDWR Data-collection site
Texas Water Quality Board site

Herbicide/Pestiside and Heavy
Metal data

Heavy Metal data only
Herbicide/ Pestiside data only

Segment used in nutrient analysis

Figure 4-5. Data Collection Sites in the Laguna Madre Estuary

v-14



{ga) ££61 AInr
‘ealy 100l0ag apueligy o1y lemo 2y ul suonels Bundweg aenby ‘g-¢ aunbiy

1 !
] G
f 1 1
SR Of ¥ c

! ,,/%/ 5&%& L &Amo NOu3
m 3 § ] N0 505

b

y m 0@&

N
i
4
m&
wa\fk T _vaE?w

m / o

o

e

a eeo,

mmrrvmo&%u% i m..m

| muj.fwx ?\Ms 7

PR N M - = e s et

15

V-



9T-AL

Table 4-5, 1968-1977 Historical Data Survey at USGS-TDWR and Statewide Monitoring Network Data Stavions 3/

Total Phosphorus

Total Organic Carbon

Total Kjeldahl Nitrogen

Total Nitrogen

: 72 : z g* : o
No. o X : {variance) Na. X (variance) Mo, X : (varianca) s, X : (variance}
Segment H of : (mean) : Segment of i (mean) - Seqment of : {mean) : Segment aof (mean} :
Numbers </ : Samples @ mg/l ra'r;32/l2 Numbers : Samples : mg/l m2/1" Numbers : Samples @ my/l m2/12 Numbers : Samples : mg/l qu/l2
7 40 0.490 0.6937 12 11 0.2 0.0i41 11 3 24.00 79.00 0 15 G.436 0.4752
3 94 0.189 0.1217 2 42 0.169 0.0103 13 3 19.00 i09.00 i3 7 0,322 Q.1779
6 65 0.133 0.0552 13 7 0.151 0.0049 12 7 17.86 4314 2 42 0,312 0.2997
12 15 0.153 0.024¢ 11 9 0.149 0.0072 2 20 16.10 66.91 7 10 ¢.287 0.5198
a2 13 0.152 0.0245 10 15 0,143 (Q.0091 1 49 12,63 45.74 g 26 0.255 0.1635
4 30 0.137 0.0145 7 40 0.136 0.0127 3 9 10.24 i8.83 ] 65 4,245 0.1122
9 62 0.129 0.0306 3 14 0.075 0.0028 10 ? 9.83 4.64 i2 " 0.238 0.2235
2 42 0.126 0.0190 8 26 T g.071 0.0037 4 16 8.17 12.94 11 9 G.191 0.2014
13 7 0.120 0.0119 9 61 0.069 0.0088 E) 25 7.97 3.53 3 14 0.153 0.0653
3 14 0.114 0.0129- 6 64 0.067 0.0038 3 i 1.29 i7.87 4 21 0.141 0.0441
B 26 0.105 0.0097 5 13 0.060 0.0045 7 8 7.14 £.12 1 94 4.132 0.0376
5 13 0.069 0.0066 1 91 G.049 0.0018 9 23 5.83 if.12 9 62 0.1i6 0.0247
1 9 0.052  0.0042 4 29 £.0010 52 - - - g 13 0.106  €:0553

a/ Includes data from reference (235,238)
b/ Data not available for this segment location

¢/ See Figure 4-5 for segment location
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following exchange points of both upper and lower Laguna Madre Estuary: JFK
Causeway, Baffin Bay, the north end of the Land Bridge, the south end of the
Land Bridge, Mansfield BEntrance Channel, Raymondville Drain, North Floodway,
Arroyo Colorado, Brazos Santiago Pass, Brownsville Ship Channel, and the South
Bay Pass. These samples were summed and then averaged to arrive at a mean
sample value for each parameter at each of the above exchange points (Table
4-6). For the 1977 Field Survey Data, average total nitrogen and total
phosphorus concentrations by geographic area were used as reported by Espey,
Huston and Associates, Inc. (Table 4-8).

Methodology

The test for significant differences among all possible canbinations of
means is necessarily defined as an a posteriori test (i.e., tests of campari-
sons among all possible pairs of means suggest themselves after the results
are known). Thus, two sample t-tests, for testing the differences among mean
concentrations of a parameter for all possible parings of segments which had
available data, are not statistically valid because (1) all tests would not be
independent, and (2) it would be virtually impossible to assign an overall
level of significance to this kind of procedure since the probablity of error
for any particular test of some subset, such as a test of differences among
three or between two means, 1is necessarily less than o, the probability of
making a type.Il statistical error (170).

Statistical multiple-camparison methods prevent the effective error rate,
o from becoming too anall when comparing differences among subsets of the
original means. One such method used in the following analysis is the
Student-Newman—-Keuls (SNK} procedure which tests differences among a set of
means only if the set is contained within a larger set that was found to be
significant. Therefore, this type of procedure provides a consistent method
of testing all possible comparisons between means (208).

An underlying assumption for any analysis of variance is the homogeneity
of variances which was determined in this analysis using the F-max test.
Consequently, when the mean concentrations of a parameter were homoscedastic
(i.e., had egual variances), the SKN procedure was used for testing signi-
ficant differences among mean concentrations for all possible pairings of
segment locations which had data available for that parameter. However, when
the mean concentrations of a parameter were heteroscedastic (i.e., had unequal
variances), the SNK procedure could not be applied, and therefore an approxi-
mate test of equality of means based on the assumption of variance hetero—
geneity was used to test if the relative differences among the mean concen—
trations for that parameter were significant (208).

When camparing the historical data with the 1979-1980 Field Survey Data,
either a two—sample t-test when the mean sample concentrations were homo—
scedastic, or a modified two—sample t-test when the mean sample concentrations
were heteroscedastic, was used for determining if the mean concentrations of
the historical data and of the 19279-1980 Field Survey Data were significantly
different for a given segment location (208). ‘
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Table 4-6. 1980 Field Data Survey at Exchange Points 3/
tal Nitrogen Tetal Phosphorus Total Organic Carbon Total Kieldahl Nitrogen
: : o? : : : -CJ’2 H L o? : H a2
Exchange :  No, X : (variance)| Exchange : No, ;X {variance) Exchange :  MNo. X (variance) Exchangs @ b, " {variance)
Point i of i {mean) : 2 2 Point  : of ¢ {mean) : 2 2 Foint of vo{mean) 2 2 Boint ¢ of ©  : {mean) : 2 3
Iocatlons : Samples : mg/l - mg /1 Locations : Samples @ mg/1 @ mg /1 locations : Samples 31 mg/1 = mg /1 Iocations : Samples @ ma/L. /1
North 14 2.51 0.0143 North 12 0.23 0.0025 |Raymondville 14 9.60 1.67 Raymondvilie 14 i 0172
Floodway Floodway . Drain Drain .
Raymondville 14 0.8t .055 T ArYOvo 13, 0.21 0.00042 Baffin 13 8.00 (.923 Arroyo i3 2.6 0.734
Drain Colorade Bay : Colorado
Arroye 13 0.61, 0,0033 Raymondville 14 0.20 0.0048 JFK 27 7.96 1.37 North 14 2.1 0.163
Colorado : Drain ’ Causeway Floodway
No. Land 14 0.074 Qq,00027 Baffin 13 0.10 0.0006 No. Land 4 7.43 2.53 Baffin 13 1.6 c.o27
Bridge Bay Br idge Bay
JEK 27 0.048 0.00084 No. Land 14 0.086 0.00064 Arroyo 13 7.40 i.31 JFK 27 1.2 0,039
Causeway Bridge Colarao Causeway
So. Land 13 0.046 0.00027 JFR 27 0.068 0,00659 Horth 14 6,90 0.209 No. Land 14 He 0.018
Bridge Causeway : ) Floodway Bridge .
Baffin 13 0.04 0.0 South Bay 13 0.05 0.00089 S0, Land 13 5.30 0.249 So. Land 13 3.95 G.Gt0
Bay Pass Bridge Bridge
Mansfield 13 0.04 ¢.0 Brownsville 14 .05 0.0G11 Mansfield 13 3.80 1.87 Mansfield 13 0.77 0,022
Entrance ship Entrance Entrance
Channel Channel Channel Gharmel
Brazos 13 .04 0.0 50. Land i3 0,049 0.00064 South Bav 13 3.20 4.64 Brownsville 14 0.6 0,007
Sant.iago Bridge ' . Pass Ship Channel .
South Bay 13 0.04 0.0000071 Mansfield 13 0.042 0.0001 Brazos 13 2.40 0.852 South Bay 1 .60 G.007
Pass Ent. Channel Santiago Pass
Brownsville 14 0.04 0.000027 Brazos 12 0.03 0.000052 { Brownsville 14 2.30 0,204 Brazos 13 3.32 0,021
Ship Channel Santiago Ship Channel Santiago i

a/ TIncludes data from reference (57)
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Table 4-7. 1979-1980 Field Data Survey at USGS-TDWR Line Sites E/
Total Nitrogen Total Phosphorus Total Organic Carbon " Total Kjeldahl Nitroaen
: _ 62 : _ : 02 : _ : 52 ' _ ' ,72
o Mo : X : (variance} : MNo. ;X : (variance) No. Y : {variance) No. : X : (variance!
Segment ., : of r (mean) : 2,2 Segment 1 of v (mean) : 2.2 Segment of + (mean) 2 3 Seqrant of ; (mean) - 2 2
Numbers < : Samples : mg/l ma /1 Numbers : Samples : ma/l : ‘mg“/1 Numbers : Samples @ mg/l, @ mg /] Numpers : Samples : mg/l : mg /1
? 2 0.1i6 0.0144 10 3 0.073 0.00016 10 3 10.90 39.62 10 3 1.47 0.042
3 8 g.12 0.0007 8 5 0.052 0.00014 k! 6 '8.33 1.402 3 6 1.25 0,133
10 3 0.097 0.00082 I 17 0.051 0.0018 i Hrl 7.97 8,473 4 3 .01 9.017
6 7 0.084 .0.0019 9 8 0.043 {0.000%4 & 7 7.20 1.594 i 17 U.893 0,103 |
1 17 0.080 0.00081 6 7 0.041 0.000041 8 4 5.33 4,782 a 7 0.804 0.0c9
4 3 0.067 0.00016 4 3 0.037 0.000089 4 3 4.67 T.3% 3 3 0.654 0.0313‘
8 5 0.058 0.00088 3 & 0.G33 0. 000089 9 7 2.53 0,388 E 8 G.309 0.081 ‘
9 8 0.048  0.00082 Pl - - - 2P - - - Pl - - -
4b _ _ _ &b _ _ } sb _ _ _ b _ _ ~
50 - - - 7 - - - 7° - - - 7 - -
1P - - - 1P - - - "o - - - 1P - - .
12 - - - 120 - - - 12¢ - - - 12 - - -
13° - - - 130 - - - 12b - - - 130 - - _
a/ Includes data from reference (238)
b/ Data not available for these segment locations

¢/ See Figure 4-5 for segment location



Table 4-8. Summary of Average Nutrient Concentrations (mg/l) in Water Samples
by Gecgraphic Area 3/

Area . NHa—N . NOB—N . N02—N . IN-N | Total PO4—P
Arroyo Colorado 0.88 0.03 2.80 3.7 6.28
/ .
Existing Ditch™ 0.79 0.367 4.56 5.72 4.06
Raymondville Drain 0.58 0.237 8.70 9.50 2.77
Offshore, Arroyo 0.35 0.006 NDY 0.356  3.70
Colorado
Of fshore, Fxisting 0.34 0.156 0.30 0.796 1.87
Ditch

a/ Reference (55)

b/ ND not detectable

¢/ Existing Ditch refers to small drainage ditch through the El1 Sauz
Ranch
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Results and Conclusions

Total Nitrogen. The differences among the total nitrogen mean concentrations
for the historical data were significant at the 5% level even though the
variances of the mean concentrations were highly -heterogeneous at the 5%
significance level. Similar total nitrogen results were obtained for the 1980
Field Survey Data collected at the estuarv's exchange points except that the
differences among mean values were highly significant. at the 5% level.

Based on the results for the historical data, segment 7 experienced at
least 2.5 times higher mean concentrations of total nitrogen than all other
segment locations {Table 4-5). 1In addition, the 1980 Field Survey Data show
that the Raymondville Drain, North Floodway, and Arroyo Colorado experienced
at least 8 times higher mean concentrations of total nitrogen than all other
exchange points sampled (Table:4-6). The July 1977 Field Survey Data, though
limited to Hidalgo and Willacy Counties and the general region of lower Laguna
Madre bordering Willacy County, tends to support the above results. The 1977
data suggest that high concentrations of nitrogeneous wastes were being
introduced into the study area with greater loading observed at inland and
deltaic stations (i.e., stations 3, 4, 6, 7, 8, 9,°10, 22, and 23) than at the
offshore stations (Figure 4-6). Average nitrogen concentrations by geographic
area indicate that the Arroyo Colorado and the Sauz Ranch drainage ditch had
generally higher mean nitrogen levels, except for -nitrites, than Raymondwlle
Drain (Table 4-8). .

The variances of the total nitrogen mean concentrations for the 1979-1980
Field Survey Data were not heterogeneous at the 5% significance level. The
following results were obtained using the SNK procedure: (1) segment 3 had
higher significant (5% level) mean concentrations of total nitrogen than
‘segment 9, and (2) segment 7 had higher significant (5% level) mean concen—
trations of total nitrogen than segments 8 and 9. No other pair-wise compari-
sons of segments gave significant results. Also, the 1979-1980 Field Survey
Data show that segment 7 had a hicher mean concentration of total nitrogen
than all other seqments for which data were available (Table 4-7).

Even though there is no evidence of a temporal trend for average total
nitrogen concentrations in the Laguna Madre; segments 1, 4, 6, and 9 did
experience higher significant (5% level} mean concentrations of total nitrogen
during the historical period from 1968 to 1977, than during the Field Survey
of 1979-1980 (Table 4-9).

Total Phosphorus. The differences among the total phosphorus mean concen— '
trations were highly signficant at the 5% level for the historical data
- and the 1980 Field. Survey Data even though the variances of the mean concen-
trations for the historical data and the 1980 Field Survey Data were highly
heterogenous at the 5% significance level. '

Based on the reésults from the analysis of the historical data, segment 2
and segment 7 experienced at least 1.5 times higher mean concentrations of
total phosphorus than all othér segment locations (Table 4-5). Further, 1980
Field Survey Data indicate that the North Floodway, Arroyo Colorado, Raymond-
ville Drain, and Baffin Bay exchange points experienced at least 10% higher
mean concentrations of total phosphorus than all other exchange points sampled
{Table 4-6).
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Table 4-9, Comparison of Historical Mean Nutrient Concentrations with 1979-1980 Field Data Mean Nutrient ConcehtratiOns f/

Parameters . - : : C oy __ o
1. Total Nitrogen I Total Phosphorus H Total Oraanic Carbon . : Total Kieldahl Nitrogen
Seqment’ Mea;w (# Samples-) 1 Mean (#..Sample_s) Mean (# Samples) : Mean {# San;ples) Mean (# Samples) : ‘v‘lean (% Samples) :_.‘4ean (# Samples)' Mean (§ Gamples)
Numbers b/ ™~ 1968-1977 . 1979-1980 K 1969-1977 : 1979-1980 : 1968-1977 - 1979-1980 : 1968-1977 1979-1980
: . : i : . o : , - e ;
1 - 0.189* (94} 0.08 (17} 0.049 (93 0.051 (17 _ 12.63% (49} 7.97 (7 0.132 (94} 0,893« (17)
3 0.114 (14i . 0.12 ¢ &) 0.075% (14) 0.033 6} 10,24 (9 8.31 ( &) 0.153 (14). . T.25%  ( 6)
4 ) 0.137% (30} 0.067 { 3 0.0454 (29) ’ 0.6367 {3 B.17  -(16) . 4.67 {3 0.141 (3N ‘1 1.0 3}
& . 0.183* (65) 0.084 ¢ 7) T | © 0.0665%(64) 0.041 ¢ 7 7,97 . (25) 7.20 l( 77 0.245 (89) 0.304% ( 7)
7 . '0.490  (40)  0.16 ( 2) - - - - B - : -
8 T 0.105  (26) 0.058 ¢ 5) 0.0710 (26) 0.052 { 5} 7.39  (14) 5.33 ( 4) 0,255 {26} 0,654 ( 5)
9 0.129*% (62) 0.048 { 8) 0.0687 (61) ’ 0.0425 | é) 3.63%  {23) 2,33 (7 ) 0.116 (62) 0.409* | 8)
10 0.153  (15) 6.097 { 3) 0.143% (18} 0,073 ( 3) S9.83 () 10,90 { 3) 0.436 {15) V.47 ( 3)

a/ Includes data from reference (233,238}
b/ See Figure 4-5 for segment location . .
*  Significantly higher mean concentration {(at 5% level) for given segment location



Only for the 1979-1980 Field Survey Data were the differences among the
mean concentrations not significant at the 5% level, yet segment 10 had a
higher mean concentration of total phosphorus than all other segments for
which data were available (Table 4-7).

The July 1977 Field Survey Data, though limited to Hidalgo and Willacy
Counties and the general region of lower Laguna Madre bordering Willacy
County, suggest that high concentrations of phosphorus-bearing wastes were
being introduced into the study area with greater loading observed at the
inland and deltaic stations (i.e., stations 3, 4, 6, 7, 8, 9, 10, 22, and 23)
than at the offshore stations (Figure 4-6). Average phosphorus concentrations
by geographic area showed that Arroyo Colorado and Sauz Ranch drainage ditch
had higher mean phosphorus levels than Raymondville Drain (Table 4-8).

Even thouah there is no evidence of a temporal trend for average total
phosphorus concentrations in Laguna Madre, segments 3, 6, and 10 did ex-
perience higher significant (5% level) mean concentrations of total phosphorus
during the historical period from 1968 to 1977, than during the Field Survey
of 1979-1980 (Table 4-9).

-

- Total Organic Carbon. The variances of total organic carbon mean concen-
trations for the historical data and the 1979-1980 Field Survey Data were
homogenecus at the 5% significance level. The following results were obtained
from historical data using the SNK procedure: (1) segments 1 and 2 had higher
significant (5% level) mean concentrations of total organic carbon than
segments 4, 6, 7, 8, and 9; and (2) segments 11, 12, and 13 all within the
inclusive Baffin Bay segment 2, had higher significant (5% level) mean concen—
trations of total organic carbon than all other segments except for segments 1
and 3 of upper Laguna Madre. No other pair- wise camparison of segments gave
statistically significant results {segment 5 omitted because of insufficient
data).

In addition, the historical data show that seaments 1 and 2 experienced
higher mean concentrations of total organic carbon than all other segments
except for seaments 11, 12, and 13 (Table 4-5).

For the 1979-1980 Field Survey Data, the SNK procedure demcnstrated that
segments 1, 3, 6, and 10 had higher signficant (5% level) mean concentrations
of total organic carbon than segment 9. No other pair-wise comparisons of
segments for which data were available were statistically significant (seg-
ments 2, 5, 7, 11, 12, and 13 d4id not have data available). Also, the 197%-
1980 Field Survey Data indicate that segment 10 had a higher mean concen-
tration of total organic carbon than all other segments for which data were
avallable (Table 4-7).

For the 1980.Field Survey Data, the differences among the total organic
carbon mean concentrations were signficant at the 5% level even though the
variances of the mean concentrations were found to be highly hetercgenous at
the 5% level. Thus, Baffin Bay and JFK Causeway exchange points experienced
higher mean concentrations of total organic carbon than all other exchange
points, except for Raymondville Drain (Table 4-6).

Even though there is no evidence of a temporal trend for average total

organic carbon concentrations in Laguna Madre, the analysis does show that
segments 1 and 9 experienced higher signficant (5% level) mean concentrations
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of total organic carbon during the historical period from 1968 to 1977, than
during the Field Survey of 1979-1980 (Table 4-9).

Total Kjeldahl Nitrogen. The differences among the total Kjeldahl nitrogen
mean concentrations for. the historical data were highly significant at the 5%
level even though the variances of the mean concentrations were found to be
highly heterogeneous at the 5% significance level. Similar results were
obtained for the 1980 Field Survey Data collected at the estuary's exchange
points.

Based on the results for the historical data (Table 4-5), segment 10
experienced a higher mean concentration of total Kjeldahl nitrogen than all
other segments (at least 1.5 timesg higher than segment 7). In addition, the
1980 Field Survey Data show that (with exception of Raymondville Drain, North
Floodway, and Arroyo Colorado exchange points) the Baffin Bay exchange point
experienced at least 1.3 times higher mean concentration of total Kjeldahl
nitrogen than all other exchange. points sampled (Table 4-6). : ‘

The variances, of the total Kjeldahl nitrogen mean concentrations for the
1979-1980 Field Survey Data were not found to be heterogenous at the 5%
significance level. ‘Therefore, the following results were obtained using the-
SNK procedure: (1) segments 10 and 3 had higher significant (5% level) mean
concentrations of total Kjeldahl nitrogen than segments 1, 6, 8, and 9; and
(2) segments 1, 4, and 6 had higher significant (5% level) mean concentra—
tions of total Kjeldahl nitrogen than segment 9. No other pair-wise compari-
sons of segments, for which data were available, were found to be statisti-
cally significant. In addition, the 1979-1980 Field Survey Data indicate that
segment 10 had a hlqher mean concentration of total Kjeldahl nitrogen than all
other segments (total Kjeldahl nitrogen data were not available for segments
2, 5,7, 11, 12, and 13) (Table 4-8),

Even though the evidence does not support a temporal trend for average
total Kjeldahl nitrogen concentrations in Laguna Madre estuary, segments 1, 3,
4, 6, 9, and 10 did experience higher significant (5% 1level) mean concen-
trations of total Kjeldahl nitrogen during the 1979-1980 Field Survey than
during the historical period from 1968 to 1977 (Table 4-9).

Heavy Metals

The scope of this section is not intended to be a oomprehenswe analysm )
of the sources from which heavy metals originate in the area. - The purpose is
to summarize the available data on the heavy metals and give the range of
values that have been found in sampling efforts for both the Laguna Madre
estuary and the Arroyo Colorado.

Samples of bottom sediments in the Laguna Madre estuary and the Arroyo
Colorado were collected by the Texas Department of Water Resources at only one
data collection site for the period 1973 to 1978 and by the cooperative
efforts of the U.S. Geological Survey and the Texas Department of Water
Resources at seven data collection sites for the period 1972 to 1978 (Figure
4-5). The heavy metals detected included arsenic (As), cadmium (Cd), chromium
(Cr}, cobalt (Co), lead (Pb), manganese (Mn), mercury (Hg), nickel (Ni),
silver (Ag}), and zinc (Zn). :
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Statistical analyses were not possible due to the limited number of
samples for the test period from 1972 to 1978. The number of samples and the
range of values for heavy metals detected at the northern end of upper Laguna
Madre, Baffin Bay (inclusive), lower Laguna Madre at Port Mansfield, lower
Laguna Madre below Arrovo Colorado, and the Arroyo Colorado are listed in
Table 4-10.

Accumulation of metals in hottom deposits may not be detectable in over-—
lying water samples, yet still exert an influence from time to time. Wind and
tide induced water movements, ship traffic and dredging activities are some

physical processes that can cause mixing of materials from the sediment into
"~ the water. Chemical changes resulting from seasonal temperature fluctuations,
oxygenation, and respiration, can influence the rate of movement and distribu-
tion of dissolved substances between water and sediment. Microorganisms
living on the bottom (benthos) also play an important role in the circulation
of metals by taking them up from the sediment, sometimes converting them to
more toxic forms. Heavy metals in sediment and water may pose a threat to
fish and shellfish as these organisms generally concentrate certain toxic
metals in their bodies when feeding in polluted areas. Reduction of producti-
vity in the area may be the result of toxic effects of heavy metals upon
organisms, and may have an ultimate effect on man if he is exposed to heavy
metals through edible fish and shellfish. Sediment samples from scme areas of
the Laguna Madre estuary and the Arroyo Colorado exceed the U,S. Envirormental
Protection Agency criteria for metals in the sediments (prior to dredging}.
The following constituents have been found in violation of these standards in
at least one sample: arsenic, cadmium, mercury, and zinc (Table 4-10}.

Herbicides and Pesticides

Samples of the bottom sediments in the Laguna Madre estuary and the
Arroyo Colorado have been collected by the Texas Department of Water Resources
at only one data collection site for the period 1969 to 1979 and by the
cooperative efforts of the U.S. Geological Survey and the Texas Department of
Water Resources at 8 data collection sites for the period 1969 to 1975 (Figure
4-5). The data were analyzed for herbicide and pesticide concentrations
(Table 4-11). The parameters detected included aldrin, DDB, DDE, DDT,
dieldrin, endrin, heptachlor, heptachlor epoxide, lindane, and silvex. Only
DDD, DDE, and lindane were detected at levels above or equal to the detection
limit of 0.2 pg/kg (USGS-TDWR cooperative program}. Statistical analyses were
not possible due to the limited number of samples available.
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Table 4-10. Ranges of Concentrations for Metals in Sediment Compared to USEPA (1974) Dredge Criteria a/

Segment :
Location b/:
& Station :

Segment. #1
{Northern End

Seqmént #2

Seament #6

Segment #8

of Laguna Madre) {Baffin Bay Inclusive) {Fort Mansfield) (Below Arroyo Colorado) Arrovo Coloraio Dredge
2491.02 64.2, 74.3, 94.2, 107.2 188.3 2741 233.2 Criteria
Parameter :
{units mg/kg)
< -
Arsenic 1.0 - 4.3 {4) 0.8 - 4.9 (&) 0.0 (1) 3.0 (1) 5.0 (1) 5
Cadmium 0.2 - 2.0* (4) 0.0 - <10.0* (&) <10.0* (1) <10.0* (1) — 2
Chromium 3.9 - 34.0 (5} - - - - 100
Cobalt - 2.1 - 11.0 {6) <10.0 (1) <10.0 (1) .7 - 7.4 (2) -
Lead 4.3 - 26,0 (5) 3.0 - 16.0 (6) <10.0 (1) <10.0 (1) 2.0 - 8.8 (2) 50
Manganese 52.0 - 360.0 (5) S0.0 - 300.0 {6) 80.0 (1) 290.0 (1) 320.0 - 500.0 (2} -
Mercury 0.04 - 5.0% (3) —~— — _— e 1
Nickel 5.1 - 16.0 (5} — — _— . 50
Silver 0.2 - 3.5 {5) - —_— _ __ .
Zinc 14.0 - 74.0 (3) 18.0 - 50.0 (%) 30.0 (1} 56.0 - 57.0 (2) 75

80.0* (1)

a/ Includes data from references (53,235)

b/ See Figure 4-5 for segment and station location

c/ Nunber of samples for a parameter
*  Denotes at least one sanple in vieolation of EPA's dredge spoil



LE-AT

Table 4-11. Range of Pesticide Concentrations in Sediment, Laguna Madre Estuary, 1969-1975 a/
Segment. 5/
Location & Segment 47
Station Mouth of Segment £10 Segment #11 Segment $12 Segment #713 Arravo
umber @ (Arroyo Colorado) (Baffin Bay) {Laguna Salada) (Cayo del Grulle) (Alazan Bay) Colorado
258.2 &/ 107.2, 119.3 &/ 64.2 & 74.2, 74,3 & s4.2 ¥ 223.2 &
Parameter : :
{units Wg/kqg)

DOD — - 0.1 -22{n¥ - -- 1.1 - 10.0 {3)
CDE 0.80 - 0.84 (2) 0.1 = 0.40 (3} 0.5 - 5.4 (3 0.1 - 1.30 (5) 0.7 - 5.7 {2) 5.1 -3%.0 (3%
Lindane — - 0.1 - <2.0 {(3) 0.1 - 2.0 (%) 0.1 = <2.6 (2 0.1 - <2.0 (4
a/ Includes data from reference (53)
b/ See Figure 4-5 for segment and station location
¢/ Data collected at station from 1969-1970
d/ Data collected at station(s) from 1969-1975
&/ Data collected at station from 1969-1973
f/ Data collected at station from 1972-1973
g/ Number of samples per parameter for given station #



CHAPTER V
CIRCULATION AND SALINIUY

Introduction

The estuaries and embayments along the Texas Gulf Coast are characterized
by large surface areas, shallow depths and irregular boundaries. These
estuarine systems receive variable influxes of freshwater and return flows
which entér through various outfall instailations, navigation channels,
natural stream courses, and as runoff from contiguous land areas.  After
entering the estuary, these discharges are subject to convective movements and
to the mixing and dispersive action of tides, currents, waves and winds. The
seaward flushing of the wmajor Gulf Coast estuaries occurs through narrow
constricted inlets or passes and in a few cases, through dredged navigable
channel entrances. While the tidal amplitude at the mouths of these estuaries
is normally low, the interchange of Gulf waters with bay waters and the inter-
change of waters among various segments have a significant influence on the
circulation and transport patterns within the estuarine system.

Of the many factors that influence the quality of estuarine waters, mix-—
ing and physical exchange are among the most important. These same factors
also affect the overall ecology of the waters, and the net result is reflected
in the benefits expressed in terms of the economic value derivable from the
waters. Thus, the descriptions of the tidal hydrodynamics and the transport
characteristics of an estuarine system are fundamental to the development of
any comprehensive multivariable concept applicable to the management of
estuarine water resources. Physical, chemical, biological and economic
analyses can be considered only partially complete until interfaced with the
hydrodynamic and transport characteristics of a given estuarine system.

The following sections of Chapter V will address the hydrodynamic and

mass transport models currently being developed to evaluate the circulation
and salinity patterns of the Laguna Madre estuary.

Description of the Estuarine Mathematical Models

Description of Modeling Process

A shallow estuary or embayment can be represented by several types of
models. These include physical models, electrical analogs and mathematical
models, each of which has its own advantages and limitations. The adaptation
of any of these models to specific problems depends upon the accuracy with
which the model can simulate the prototype behavior to be studied. Further-
more, the selected model must permit various alternatives to be studied within
an efficient and economical framework,

A mathematical model is a functional representation of the physical
behavior of a system or process presented in a form available for solution by
any acceptable method. The mathematical statement of a process consists of an



input, a transfer function and an output. The output from a given system or
component of a system is taken to be related to the input or some function of
the input by the transfer function.

Because of the nonlinearities of tidal equations, direct solutions in
closed form seldom can be obtained for real circumstances unless many simpli-
fying assumptions are made to linearize the system. When boundary conditions
required by the real system behavior become excessive or camplicated, it is
usually convenient to resort to a numerical method in which the system is
discretized so that the boundary conditions for each element can be applied or
defined. Thus it becames possible to evaluate the camplex behavior of a total
system by considering the interaction among individual elements satisfying
cammon boundary conditions in succession. The precision of the results
obtained depends, however, on the time interval and element size selected and
the rate of change of the phenomena being studied. The greater the number of
finite time intervals used over the total period of investigation, the greater
the precision of the expected results.

Numerical methods are well adapted to discretized systems where the
transfer functions may be taken to be time independent over short time inter-
vals. The development of high-speed digital computers with large memory
capacities makes it possible to solve the tidal equations directly by finite
difference or finite element techniques within a framework that is both effi-
cient and economical. The solutions thus obtained may be refined to meet the
demands of accuracy at the burden of additional cost by reducing the size of
finite elements and decreasing the time interval. In addition to the con—
straints imposed on the sclution method by budget restrictions or by desired
accuracy, there is an optimum size of element and time interval imposed by
mathematical considerations which allow a solution to be obtained which is
mathematically stable, convergent, and compatible. :

Mathematical Model Development

The mathematical tidal hydrodynamic and conservative transport models for
a typical Texas estuary have been developed by Masch (156). These models are
designed to simulate the tidal and circulation patterns and salinity distribu-
tions in a shallow, irregular, non—stratified estuary. The two models are
sequential (Figure 5-1) in that the tidal hydrodynamic model camputes temporal
histories of tidal amplitwies and flows. These are. then used as input to the
conservative transport model to canpute vertically averaged salinities {or any
conservative material) under the influence of various source salinities,
evaporation, and rainfall. Both of these models have "stand alone" capabili-
ties although. it must be recognized that the transport model ordinarily cannot
be operated unless the tidally generated convective inputs are available.

Hydrodynamic Model. Under the assumption that the bays are vertically well-
mixed, and the tidally generated convection in either of the two area-wise
coordinate directions can be presented with vertically integrated velocities,
the mathematical characterization of the tidal hydrodynamics in a bay system
requires the simultaneous solution of the two-dimensional dynamic equations of
motion and the unsteady continuity equation. In summary, the equations of
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motion neglect the Bernoulli terms but include wind stresses and the Coriolis
acceleration, and can be written as:

5% _ _ .3h _ ~ ‘

3¢ ~ % qy = - gd 5% fq q, + K Vi cos@_-- | (1]
Y = h _ in©

T + 0 d, —qgd vy fq qy + K Vi sin [2}

The equation of continuity for unsteady flow can be expressed as

5— B;X a-——r-e [3]
where
X,y = horizontal Cartesian coordinates
t = time
dx,dy = vertically integrated x and y components of flow per unit

width, respectively (x and y taken in the plane of the surface
area)

g = acceleration due to gravity
h = water surface elevation with respect to mean sea level (msl) as
datum
d = total water depth {h-z)
z = bottom elevitlon with respect to msl
q = (gx2 + qy2) magnitude of flow per unit width
f = dimensionless bed resistance coefficient from the Manning
Equation
Vw = wind speed at a spe01f1ed elevation above the water surface
@ = angle between the wind velocity vector and the x-axis
K = dimensionless wind stress coefficient
§{ = Coriolis parameter = 2usin®
w = angular velocity of the earth = 0.73 x 104 rad/sec
® = latitude for the Laguna Madre estuary
r = rainfall intensity
e = evaporation rate.

The numerical solution utilized in the hydrodynamic model of the Laguna
Madre estuary involves an explicit computational scheme where equations [1],
(2], and {3] are solved over a rectangular grid of square cells used to
represent in a discretized fashion the physiography and various boundary
conditions found in the bay system (Figure 5-2), This explicit formulation of
the hydrodynamic model requires for stability a camputational time step,
st < As/(298max)® . where Os is the cell size and dpax is the
maximum water depth encountered in .the computational matrix. The numerical
solutions of the basic equations and the programming technigues have been
described previously (156).

The following data comprise the basic set for applying the tidal hydro-
dynamic model. Time varying data should be supplied at hourly intervals.
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Physical Data

topographic description of the:estuary bottom, tidal passes, etc.
location of inflows (rivers, wastewater discharges, etc.)

Hydrologic - Hydraulic Data

. tidal condition at the estuary mouth {or opening to the ocean)
. location and magnitude of all 1nf]ows and withdrawals from the estuary
. estimate of bottom friction
wind speed and direction (optional)
. rainfall history (optional)
. site evaporation or coefficients relating surface evaporation to wind
speed.

Conservative Mass Transport Model. The transport process as applied to
salinity can be described through the convective-dispersion eguation which is
derivable from the principle of mass conservation. For the case of a
two-dimensional, vertically-mixed bavy system, this eguation can be written
as:

1 g .C) g ) = 1
o(Cd) X v ' _ 9 3(Cd) 3 3(Cd) =
£ F T T Y T X D=5 # By [DY dy I +R a4l

where C is the tidally averaged salinity or TDS concentration; gy and
qy are the net flows over a tidal cycle in the x and y directions, re-
spectively; Dy and Dy are the corresponding dlspersmn coefficients eval-
nated at a scale representative of total tidal mixing; and d is the aver-
age depth over a tidal cycle. The term Kg cd is a first order reactive
term included to represent the buildup of concentration due to evaporation
from the bay surface, and Ks is a coefficient determined wvolumetrically in
accordance with methods described by Masch (156). The primary difference in
the form of Equation [4] given above and that reported previcusly (156}, is
that Equation [4] is written in terms of net flows per foot of width rather
than tidally averaged velocities.

The numerical technique employed in the salinity model involves an alter-
nating direction. implicit (ADI) solution of Eauation [4] applied over the same
grid configuration used in the tidal hydrodynamic model to determine the net
flows and tidally averaged depths. Because of its implicit formulation the
ADI scluticon scheme is unconditionally stable and there are no restrictions on
the computational time step, At. However, to maintain accuracy and to
mlm_mlzg round-off and truncation errors, a condition corresponding to
Aty 5K H was 'always maintained throughout this work. Details of the
numerical solution of Equation [4] and programming techniques have also been
previously degscribed by Masch (156).

The basic data set required to operate the conservative mass transport
model consists of a time history of tidal-averaged flow patterns, i.e., the
output from the tidal hydrodynamic model, the salinity concentrations of all
inflows to the estuary, and an initial salinity distribution within the
estuary.



Application of Mathematical Models,
Laguna Madre Estuary

Hydrodynamic and Mass Transport Models

The computational grid network used to describe the Laguna Madre estuary
has been developed. The basic data necessary for the development, verifi-
cation and calibration of the mathematical models have been obtained. How-
ever, due to problems with the data and the uniqueness of the system being
modelled, the mpdels have not been satisfactorily calibrated for use in this
study. At such time that the models have been calibrated and verified, their
application will be included in the’ study.

Freshwater Inflow/Salinity Regression Analysis

Changes in estuarine salinity patterns are a function of several vari-
‘ables, including the magnitude of freshwater infiow, tidal mixing, density
currents, wind induced mixing, evaporation and salinity of source inflows. In
the absence of highly saline inflow and neglecting wind effects, the volume of
antecedent inflow and of tidal mixing are the most important factors affecting
salinity. Salinities immediately inside the Gulf passes vary markedly with
flood and ebb tide; the influence of tidal mixing attenuates with distance
traveled inside the estuary from the Gulf pass.

The dominance of the effect of freshwater inflow on estuary salinity
increases with an increase in proximity to freshwater inflow sources. The
areal extent of the estuary influenced by freshwater inflow varies in pro-
portion to the magnitude of freshwater inflow except during conditions of
extreme drought. Regression analyses of measured salinities versus freshwater
inflow were carried out to verify and quantify such relationships in Baffin
Bay and Lower Laguna Madre.

The average daily salinities are assumed to be related to gaged stream-
flow by one of the following relationships:

b th b
St T % T oAy Oy Ay (F Q) (1]
or
a1 n a2
ST A @) (3 9y (2]

where St is the average salinity of the t-th day; Qt-x or Qt-i
is gaged streamflow k or i days antecedent to the t-th day; b is a positive
nunber between zero and one; n is an integer; and ag, a1 and a2 are
regression coefficients. The temm 3 Q.

o i=1 :
sents the antecedent inflow conditions, while OQr-kx represents the
conditions taking into consideration streamflow time lag between the gage and
the inflow estuary. The regression coefficients were determined using a
step~-wise multiple regression procedure (20}).

in equations [1] and {2] repre-



. The regression equations developed for Baffin Bay use the salinities
obtained by the Texas Department of Water Resources (TDWR) and United States
Geological Survey (USGS) cooperative data collection programs at line 82, site
2 and the sum of the gaged streamflows recorded for Los Olmos Creek near
Falfurrias and San Fernando Creek at Alice (Table 5-1). The daily average
salinity is related to the dally gaged streamflow by the equation

60
S, = 1241.3 ( I Qt_i)—o'ﬂ48 - (31
- i=1

where St and QOr-i are salinity and streamflow in ppt and ft3/sec,
resy_:»:—:ct::'L\naaly.2 With a correlation coefficient (r) of 0.91 and an explained
variation (r”) of 83 percent, the regression is tested to be highly signifi-
cant (¢ = ,01). ‘

Monthly salinity-inflow relationships were derived using equation [3] to
generate daily salinities for the period of streamflow record, 1969 through
1978, The computed daily salinity values were averaged monthly over the study
period, and the averages were related to the rronthly average flows by the
gecmetric equation

C

S, = C0 (Q,) ! exp (tse) [4]

where Spn and Qp are monthly average salinity and gaged flow in ppt and
ft3/sec, respectively, Cg and C1 are regression coefficients, and
(tse) is a random component. The frequency analyses for Baffin Bay and
Lower Laguna-Madre estuary indicate that both monthly salinities and monthly
gaged streamflows are approximately log-normal distributed. Therefore, the
random component has a normal distribution and can be expressed by tse (62),
where t is a standard normal deviate with zero mean and unit variance, and
Se is the standard error of estimate of 1In (Sp) on 1In (Qn). Resulting
correlation coefficients of equation [4] for Upper Baffin Bay (Table 5-2) for
the twelve months (r) ranged from 0.66 to 0.99, which are highly significant
{ @ =,01) except for the months of June and July.

The average condition of [4] over a 12-month period (i.e., the relation-
ship of the mean monthly averages) is fitted to the equation

- —(0.5835
S = 84.1 51
v Qy {53

where Sy and Qy are, respectlvely, the mean monthly average salinity and
the sum of the mean flow in the current and antecedent months. The equation
.and the 95 percent confidence limits of versus Qy are plotted in Figure
5~3. The other statistics of equation [5] ate listed in Table 5-2.

] The analysis for Lower Laguna Madre estuary in uses salinities obtained
by the Texas Department of Water Resources and U. S. Geological Survey
cooperative data collection programs at.line 217, sites 2 and TDWR Station No.
2491.04 at the intersection of the Intracoastal Waterway and the Arroyo-
Colorado, and the sum of the gaged streamflows recorded for the North Floodway
near Sebastian and the Arroyo Ceclorado at Harlingen (Table 5-1). Using the



Description of Data for Regression Analysis

Salinity Inflow
"~ Number of
Bay Observations
Station Period USGS Period for Regression
Line-Site of Record Station of Record
Baffin TDWR-USGS Aug. 1968 Los Olmos Creek Jan. 1967 12
- 58-2 to near Falfurrias to
Jun. 1975 Dec. 1978
San Pernando Creek  Jan. 1965
at Alice Dec. 1978
Lower TDWR-USGS Sept. 1969 North Floodway Jan. 1965 42
Laguna 217-2 to near Sebastine to
Madre Sept. 1979 Jan. 1980
' TDWR
2491.04 Arroyo Colorado Oct. 1968
at Harlingen Jan. 1980
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Table 5-2. Results of Salinity Regression Analysis, Upper Baffin Bay

: : Regre551on Equatlon b/ ; Correlation : Explained : Standard Error :
Station : Class : {s, in ppt and Q,in £t3/sec) :  Coefficient : Variation : of Estimate : F-test
a/ : ) : : : r : r’ : Sa :
TDRR-USGS 60 - i
line-site Daily s, = 1241.3 (2 )7 0.9t 0.83 0.530 **
o ~-i

82-2 i=1
Jan. s =136 g% 3¢0¢2 0.99 0.99 D.063 *x
Feb. s =181 %7 2c0¢m3 0.97 0.93 0.092 *
Mar. s =72.4 %% 20 < w0 0.88 0.77 0.257 =
apr. s =106.9 0073 20 <60 0.96 0.93 0.177 o
may . s =753 ¢ 040% s0cem 0.93 0.87 0.152 | __
Jun. s =591 %423 4c0<cm 0.66 0.43 0.481 *
Jul. s =466 0047 6 <o 28 ) 0.73 0.54 0.432 *
Aug. s =651 00 4o o 0.89. 0.79 0.398 *x
sep. 5 =69.2 007 4c0¢ 1,01 B 0.85 0.72 0,510 *x
Oct. s =91.2 g% 4coc26aa ' 0.99 0.97 0.212 =
Nov. s =850 0% ;o< a0 : 0.98 0.95 0.294 o
Dec. s =185 0% 2<0<¢ 3% 0,95 - 0.90 0.280 -
ALL _ N .

Months s =861 Q0% 2c0<26m 0.9 0.81 0.395 *x

&/ 868 Figire 37T —
b/ 5 is the mean monthly salinity in ppt and Q is the sum of mean rmonthly gaged inflows for the current and antecedent months in ft3/sec
*  Indicates a statistical significance level of & = 0.05 {significant).

** Indicates a statistical significance level of @ = 0.01 {highly significant).
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averages of sallmt:les measured at the llne 51te, t;hef analysis yields the
relationship : '
0 5935 '

= 922,97 Q

Se (6]

with a highly significant correlation coefficient of 0.73.

Using equation [6] to generate mean daily salinity for the period of
streamflow record, 1970 through 1979, the relationships between computed mean
monthly salinities and mean monthly streamflows are determined (Table 5-3).
~ The average cordition of the relatlonshlps can be fitted to the equation

—-0.3978

S, = 305.9 [7]

v Q
where Sy and are mean monthly average salinity and gaged flow,
‘respectively. e equation and the 95 percent confidence limits of SY
versus Qy are plotted in Figure 5-4. The other statistics of equation [7

-are listed in Table 5-3.

The above freshwater inflow-salinity relationships can be used to provide
. preliminary estimates of the response of the estuary to proposed freshwater
- inflow regimes. Such a technique allows a quick screening of the inflow
regimes that ‘have the least desirable impacts on salinity patterns in the
estuary. Only the most promising inflow regimes then remain to be analyzed in
detail using the estuarine tidal hydrodynamic and salinity transport models.

In future studies, the regression equations developed here may be useful

- in determining the impact of modified long-term freshwater inflow patterns on

‘the estuary, including the imposition of alternative river basin development
and management plans on the hydrology of the contributing river basins.

Surrmagz

The movements of water in the shallow estuaries and embayments along the
Texas Gulf Coast are governed by a number of factors, including freshwater
inflows, prevailing winds, and tidal currents. An alequate understanding of
mixing and physical exchange in these estuarine waters is fundamental to the
assesanent of the physical, chemical, and biclogical processes governing these
important aquatic systems.

To fully evaluate the. tidal hydrodynamic and salinity transport charac-
teristics of estuarine systems using field data, the Texas Department of Water
Resources- developed digital mathematical models representing the important
mixing and physical exchange processes of the estuaries. These models are
designed to simulate the tidal circulation patterns and salinity distributions
in shallow, irregular, non-stratified estuaries. Physical data collected in
this estuary are being utilized to callbrate and verify the models for the
Laguna Madre estuary.

Statlstlcal analyses were undertaken to quantify the relationship between
freshwater inflows from the contributing drainage area and salinities at
selected points in Baffin Bay and lower Laguna Madre. Utilizing gaged daily
river flows and observed salinities, a set of monthly predictive salinity
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Table 5-3. Results of Salinity Reqression Analysis, [ower Laguna Madre

Regression Equation b/ .ot Correlation : Explaine'd ‘'t Standard FError :

Station : Class : (St ppt and Q. on ft3/sec) :  Coefficient : Variation : of Estimate r F-test
a/ : : : r : r? : Sa :

TOWR-USGS . _ 05935 i '

line-site Daily St = 922.97 Q 0.73 0.53 0.432

217-2

TOWR ' _ -0.5114 :

TR ., Jan. S = 583.60Q , 222 < Q < 526 . 0.97 . 0.93 0.033 x

2491.0900
Feb. - s = 219.2070395, 179 < 0 < 697 0.77 0.59 0.098 R
Mar. s = 604.8 0705168 1g0.c0 ¢ 545 0.96 0.92 0.049 =
Apr. s = 665.9 g0 5297 196 < Q < 695 0.97 0.94 0.048 %
May s = 770.8 0795559 308 < 0 < 498 - 0.95 0.9t 0.045 -
Jun. s = 232,50 0383 55 <9< 1,300 : 0.89 0.79 0.095 x
Jul. s = 352.4 04218 180 <0 < 1,140 0.97 0.93 ~ 0.062 ok
Aug. s = 185.40°0%% 1w coc3s51 0.91 0.82 0.119 *x
Sep. s = 317.5 97038 355 ¢ 0 < 1,504 .0.76 0.58 0,154 - *x

" Oet. s = 390.8 g 0438 259 ¢ 0 < 3,889 0.98 0.96 0.074 *
Nov. 8 = 713.6 0% 219 <o 927 - 0.99. 0.99  0.024 "
Dec. s = 9453 g0 210 < g < 623 _ 0.99 0.99 0.007 o
All ~0.3978 . '
Months S = 305.9 Q 128 < Q< 3,889 .. o 0.92 0.84 0.097 e

&/ See Figure 3-12.

b/ 5 is the mean monthly salinity in ppt and Q is the mean monthly gaged inflow in ft3/sec.

* Indicates a statistical significance lewvel of a = 0,05 (significant).

** Indicates a statistical significance level of a = 0.01 (highly significant).
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equations ‘were derived utilizing regression analyses for two areas of the
estuary: (1) a point in the western end of Baffin Bay and (2) at the inter-
section of the Intracoastal Waterway and the Arroyo Colorado. These equations
enable the prediction of the mean monthly salinity as a function of the mean
monthly freshwater inflow rate.
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CHAPTER VI
NUTRIENT FROCESSES
Introduction

Biological productivity is related to a variety of physical and chemical
conditions that include adequate nutrient concentrations and favorable
conditions of temperature, salinity, and pH, as well as a sufficient energy
gource (e.g., sunlight and tides) to drive the natural processes. Although
biological productivity in the Laguna Madre may be reflected in the production
and harvest of economically important fisheries (fish and shellfish) species,
it ultimately depends on the extent of plant production in these shallow
estuarine waters and the tropho-dynamics (feeding relationships) of the
ecosystem's food web. Utilizing the sun's energy, plants cambine inorganic
nutrient compounds into organic compounds and substances that form plant
tissues; through a food web of prey and predators, these organic substances
are incorporated into the tissues of higher organisms, including man.

A number of factors can limit the productivity of an estuary like the
Laguna Madre. Turbidity of waters limits the input of solar energy; tempera-
ture and salinity limits the rate at which organiasms can survive and grow.
These factors can represent the major constraints capable of reducing the
productivity of the system. However, within the bounds J'.mposed by seasonal
varlatlon in salinity, temperature, and 1light, variations in the concen-
trations of nutrients are most often the crucial factors controlling pro—
duction. In addition, from the standpoint of man's effects on estuaries,
1nvestlgat10n of nutrients frequently shows the most direct linkage between
man's activities and production.

Organic matter 1is camposed primarily of . carbon, hydrogen, oxygen,
nitrogen, and phosphorus with lesser amounts of silicon, sodium, calcium,
potassium, manganese, chlorine, sulfur, and other elements in trace anounts.
In the majority of ecosystems, these elements are available in quantities
necessary to support an active level of biological production. A deficiency
of any one, may be sufficient to limit biological productivity. In most
cases, nutrients required in the largest amounts are quickly depleted from the
surrounding medium. Their concentrations can consequently be considered among
the most important factors relating to biological productivity. The ratios of
the three most important elements--carbon, nitrogen, .and phosphorus——to lesser
ones are such that a deficiency of any one of the three will act ag a limiting
factor regulating the level of productivity in the system.

Carbon to- nltrogen to phosphorus (CNP) ratios vary from organism to
organism. <Carbon is normally required in the greatest quantity followed by
nitrogen and phosphorus. Generally, oceanic species have a reported value of
106:16:1 (127). Nitrogen to phosphorus ratios for a variety of phytoplankton
species are usually in the range of 10-21:1 (127). These two elements are
considered to be the "ecritical™ nutrients in aquatic ecosystems since carbon
is rarely, if ever, limiting due to the readily available supply of atmos-
pheric carbon dioxide (CO2) and the ability of autotrophic organisms to use
this form. The amount of nitrogen required in an agquatic ecosystem is
generally greater than phosphorus, thus biological productivity is most likely
to be nitrogen-limited. This has been reported to be the case in a number of
estuaries (397, 398, 144, 199, 119, 203) including those in Texas (324, 325)}.
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Nutrients can be brought into the estuary in either particulate or
dissolved forms. Both forms may be composed of organic and inorganic
components.  Particulate nutrients may exist in the form of detritus from
decaying vegetation, sewage and industrial waste effluents, or nutrients
adsorbed onto silt, clay, and various mineral particles. In general, some
form of mixing 1is necessary to keep particulate materials (especially the
larger ones) in susponsion. Mixing forces may be in the form of wind-driven
circulation, as in the shallow bays of the Texas coast, or as induced currents
from the rivers and streams that feed the estuaries.

Since the rate of biological production can often be related to the rate
of supply (chemical availability) of these nutrients, much of this chapter
focuses on-the inputs of nitrogen and phosphorus and processes which affect
their supply. Sources of nutrient loading to Laguna Madre are considered
first, followed by a discussion of nutrient cycling within the ecosystem and
pathways of nutrient loss.

Nutrient Loading

The major ‘sources of nutrient loading to Laguna Madre are from inland
drainage and, for the lower Laguna, through Brazos Santiago Pass from the
Gulf. Gulf water usually has lower nutrient concentrations than do the bay
and estuary waters so is not considered a major contributor of nutrients.
During prolonged droughts in the area, however, portions of Laguna Madre may
be dominated by seawater input (see Chapter IV). Input from drainages
involves river and creek flows plus storm water runoff. River water input
includes contributions from (a) municipal return flows (sewage treatment plant
discharge plus storm water runcff), (b) industrial return flows (discharges
plus storm water runoff), and (c) agricultural sources (irrigation return
flows plus storm-water runoff from fields).

Gulf Exchange

There is little data available on the amount of nutrients entering Laguna
Madre from the Gulf of Mexico; however, there is some information on the
nutrient concentrations of Gulf water off the South Texas Coast. Seasonal
oceanographic cruises for a recent federal Bureau of Land Management study
{311) of the Gulf's continental shelf found generally low surface water
nitrate (NO3) concentrations ranging from less than 0.1 micro moles (um} in
the fall to 4.0 ym in the spring (normal maximum concentrations were near 0.5
um). ~ Phosphate (PO4q) in the Gulf's surface waters ranged from 0.04 uym to
0.66 um, with the lowest concentrations occurring in the spring season and the
highest in the fall near the end of the warm growing seasons.

River Inputs

Attempts to determine the amount of nutrient loading. fram a riverine
source to an estuary have been conducted by Smith and Stewart (207). The
basic methodology includes a determination of mean annual flow magnitudes and
mean annual concentrations of the nutrient species; simple multiplication is
used to arrive at a loading in pounds (or kilograms) per year. The U.S.
Geological Survey (USGS), in cooperation with the Texas Department of Water
Resources, has maintained daily stream discharge records of the major rivers

Vi-2



L
!

and tributaries that empty into Texas bays and estuaries. However, nutrient
concentrations and other water quality data have only been systematlcally
collected for these rivers only since the late 1960's

The relatively infrequent data on nutrient concentrations and flows into
Laguna Madre are summarized in Table 6-1 as monthly ranges of nutrient input.
Maximum and minimum levels are given instead of average nutrient concentra-
tions, and lack of sufficient data makes even these measures not consistently
adeguate. Inflows from the oontributing drainage basins can be calculated as
either arithmetic means or as 50% exceedance frequency (E.F.) flows (see
Chapter IV). The latter is perhaps more biologically meaningful as a measure
of the central tendency; both are used in the table. WNutrient data for this
table come from the Texas Statewide Water Quality Monitoring Network for San
Fernando Creek, Petronila Creek, and the Arroyo Colorado; and from U.S.
Geological Survey monitoring stations on Los Olmos Creek. Flow rate data are
from Tables 4-1 and 4-4. The nutrient compounds reported as ammonia, nitrate,
- total phosphate, and total organic carbon are not the only nutrients which

could be considered, but they were commonly measured and do provide the most
important contributions to productivity. .

The large differences between average (arithmetic mean) and 50% E.F.
inflows illustrate that in the arid drainages of Laguna Madre most flows are
the result of locally heavy, sporadic rains and flooding associated with
tropical storms, particularly in late summer and fall. Attempts were made to
correlate stream nutrient load with flow rates. This effort failed to provide
equations to predict how flood surges would alter nutrient loading. In
streams swollen with heavy rains, nutrient loads from some sources (municipal
waste, for instance) would be diluted, but increased loads of suspended solids
might mean an overall greater nutrient loading. Lack of information on
nutrient concentration in flood waters limits the understanding of nutrient
input into a system like Laguna Madre, where sporadic downpours provide the
major freshwater inflows, while much of the day-to-day nutrient requirements
may be supplied by natural nutrient regeneration and cycling processes.

In both upper and lower Laguna Madre, the maximum recorded levels of
nutrient loading vary by at least one order of magnitude (a factor of ten},
over the seasons. This is because of the nonuniform distribution of fresh-
water inflows over the year. Flows are locally higher during the tropical
storm dominated autumn season, but otherwise the rates of nutrient loading do
not follow a definite seasonal pattern which might explain the observed
seasonal pattern of productivity. '

A further summary of nutrient loading into Laguna Madre -is given in Table
6-2, where yearly loadings calculated for average and 50% E.F. flows are
shown. These figures should be considered only as very crude estimates of the
nutrient loading. In recognition of the variability of inflows, and thus the
potential error in estimations of nutrients brought into the system, caution
should be exercised in using these figures for comparisons with other
estuaries or projections of productivity.

Nitrogen Fixation

Nitrogen fixation is the conversion of atmospheric, gaseous nitrogen
(N2} into nitrogenous compounds which can be used by plants in the synthesis
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Table 6-1. Nutrient Loading in the Laguna Madre Estuary From Freshwater inflows a/
UPPER LAGUNA MADRE LOWER LAGUNA MADRE
_ AVERAGE FL{IWS H 50% E.F. FLOWS AVERAGE FLOWS H 50% E.F. FLOWS
NH3 NO3 T EU4 TOC NH3 NO3 T K0 i NH3 NO3 T FO4 OC* I\_I.H3 TOC*
thousands of kilograms
JAN MiN .296 .222 .592 81.4 o 0 0 - - - - - -
MAX 14.8 49.6 139. - 0 Q 0 - - - - - -
FEB MIN 986 .296 1.18 83.8 0 0 0 6.66  1.33* 33,3 199, 3.69 133,
MAX 30.6 21.9 46.4 - 0 1 0 26.6% 123, 59.9 666. 14.8 443.
MAR MIN .123 .037‘ .185 ~ 0 o] a 7.77 25.,9* 25.9% 129, 6.66 111,
MAX .247 .469 789 - 0 0 0 25,9* B2.9 59.6 181, 22.2 155.
APR MIN L369 L2222 444 81.4 o 0 0 2.85* 68.8% 58.6* 285, 3.50 207,
MAX 1.1 13,3 94.7 140. 0 4] v} - - - 448, - 325.
MAY MIN 1.05 .629 14.0 252. 0 0 o] - - - - - -
MAX Al 69.2  236. - 0 0 0 - - - - - -
JUN MIN 1.48 .395 1.97 148. 0 0 0 1.18* 2,37 14,2* 59.2 .838 41.9
MAX 9.86 32,6 8.4 - ] 0 0 23.7% 36.7* 39.7% 533, 16.8 377.
JUL MIN 1.73 .518 1.55 173. 0 [+] 0 35.3  64.1 83.4 - 27 -
MAX 114,  6.90 943, - 0 c 0 - - - - - -
AUG MIN .345 .049 10.9 46.4 0 0 0 0 3.82%  ,T64*  23.3* 420, 2.34 258,
MAX .493 1.09 57.2 73.9 ¢ 0 0 0 - 2,29% 27.9% - - .-
SEP MIN 3,14 t.87 11.3 1195 123 074 .444 4.18%  1.39* 47,4* 418, .78 178,
MAX 48.4  490. 503. - 1.89 19,2 19.7 69.7% T1.1* 222. 1115, 29.6 473.
OCT MIN .888  .888  3.55 207, 0 0 0 11.5 86.0* 76.8* 803, 5.43 379.
MAX 23.7 154, 28500 355. 0 0 0 - 172. 101, 1490, - 705.
NGOV MIN .062  .037 1t 9.86 0 0 a 4.69* 30.9* 5.2 328, .5 181.
MAX .123 1.85  2.96 - 0 0 0 9.37* 46.9*% - - 5.18 -
DEC MIN .739 .e88 3N - 0 0 0 8.88 32.6* 23.,7* 88.8 7.03 70.3
MAX 1.85 39.2 62.8 - 0 0 0. 23.7  94.7 51.8 236. 18,7 234,
&/ Monthly minimum and maximum nutrient mass was computed using average and 50% exceedance freguency flows
*

From tidally influenced station



Table 6-2: Yearly Nutrient Loadmg in the Laguna ‘Madre Estuary From Freshwater

Inflows :
"___' T T Upper Laguna Madre @ Lower tagdna Madre ~
Nutrients : L :
: Mean Inflows a/ : 50% EF b/ : Mean Inflows : 50% EF
T : K tho;sané'l's of ki%og.;rams) :
Ammonia-Nitrogen 27.90 .472 185 135
Nitrate-Nitrog;en a7 .165 - 386 281
Total Phosphate 211.00 3.570 i 513 374
Total Organic Carbon 1,993.00 3_3.700 - 4,008 2,923

a/ Based on arithmetic mean monthly inflows
b/ ‘Based on monthly 50 percent exceedance frequency (EF) inflows
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of organic molecules. It represents a mechanism of nutrient input to the
Laguna Madre which could be of considerable importance. Organisms capable of
fixing nitrogen include species of bluegreen algae and some bacteria. These
organisms are known to occur on the sediment surface (49, 71), as part of the
epiphyte community on seagrass leaves {70), within sediments (71) and within
algal mats (21), which characterize shallow flats of Laguna Madre.

Goering and Parker (70) estimated that rates of N-fixation by epiphytes
might be 12.6 mg N/mé surface/hr in the summertime in Redfish Bay.
Carpenter et al. {21) estimated algal mat N-fixation may reach 100
Ng/cm?—/hr (1.0 mg/m/hr). Given the broad areas of seagrass and algal
mat within the lagoon, (see Chapter VII) these rates result in a significant
contribution, on the order of 400 kg/hr-4800 kg/hr input of nitrogen over the
length of Laguna Madre during the productive season.

Other Nutrient Sources

Rain contributes some nutrients and minerals important in some ecological
systems. Loder and Gilbert (139) estimated that a New Hampshire estuary
received 2% of phosphates from rain. . In Laguna Madre, however, the effects of
rain through washing in nutrients from land would be by far the more important
source.

Drift algae may also represent a source of nutrient import into Laguna
Madre from the Gulf (191). Sargassum and other plants are carried in on
currents and may die in the hypersaline conditions of the lagoon, feeding the
detritus food chain.

Nutrient Cycling

Estuarine productivity depends not only on nutrient loadings, but also on
the ways and rates at which nutrients are cycled within the biogeochemical
systems of the estuary. The communities within Laguna Madre can be seen to
contribute to nutrient processing in different but complementary ways.

Seagrasses

Figure 6-1 is a model for discussion of the nutrient processes involving
seagrasses. This diagram represents the nitrogen cycle within the seagrass
community, based mostly on data gathered by Armstrong and Gordon (273). The
diagram is much simplified, which in part reflects an incomplete understanding
of the processes and organisms involved.

The amount of nutrients tied up in plant tissue can be calculated from
estimates of the amount of seagrass present. Much of the nitrogen seagrasses
use in new growth comes from the sediments (168), but some seagrass species
may also be able to take up nitrogen compounds from the water., Nessmith (171)
suggests that the amount of nitrogen present in sediment may not usually be
sufficient for growth: and the discrepancy may be made up by removal of
nitrogen from the overlying water column or by nitrogen fixation. Seagrasses
may secrete certain organic swbstances and otherwise maintain envirommental
conditions within the sediments favorable to the growth of bacteria and algae
capable of converting nitrogen compounds into those easily used by the
seagrass {(187). Plants and surrounding sediments may lose some nutrients to
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the water by simple diffusion processes. Further, even in healthly plants
some leaves and roots die and are decurposed—-transferring nutrients to cother
organisms. Another source of nutrient loss is the direct grazing of various
fish and bird species, although the cycling of nutrients brings back nitrogen
to the seagrasses from the excretory products of these animals. Nitrogen and
other elements are lost to the gystem through (1) man's harvest of fish and
shellfish; (2) migration of animals (mostly fish and macrocrustaceans) from
the bays to the Gulf:; (3) loss within deeper layers of sediments; (4)
conversion of nitrogen compounds by some forms of bacteria to nitrogen gas
(N2), which is then lost to the atmogphere; and (5) through tidal exchange
with Gulf waters. '

In a way, the seagrass beds act as a storage battery of nutrients and
energy. Seagrasses grow during warmer months and most species then reach
senescence and die during the winter season. - The nutrients and energy
contained within the dead blades and stems are then slowly released (through
a decomposition process and the detrital food chain} to the rest of the. system
in time for a period of rapid growth in the following spring-and summer.

The cvcle of phosphorus differs from the nitrogen cycle primarily in that
phosphorus becomes lost to the system in sediments more readily, as it often
forms insoluable compounds in the aquatic envirorment. Cycles of other
nutrient compounds can also be of importance, but less is known about their
fluxes and limits in Laguna Madre. :

Armstrong and Gordon (273) conducted a study of nutrient processing by
seagrasses which provides some information on the rates of exchanges of
nutrients between seagrasses and the rest of the estuary. Table 6-3
summarizes the shifts between nutrient release and uptake depending on the
state of gr:owth of the plants used, Thallasia testudinum and Halodule

19ht11.

The rate studies conducted with seagrasses maintained at low, cool
temperatures (10°C) involved healthy plants, although the growth rates were
far below what may be expected in early summer in Laguna Madre. The plants
involved in warm temperature laboratory tests at 30°C did not grow, however,
but started to die; therefore, information from these plants represents
decomposition processes. The complementarity in. processes is easiest seen in
the filtered total Kjeldahl and filtered organic nitrogen data where uptake
accompanies growth, but nitrogen compounds are rapidly lost (i.e., exported)
during decomposition. Rates of uptake are low, near zero, and are measures
approaching the limitations of instrumentation, so less certainity can be
placed on comparisons in which rates are very low..

/

In both seagrass species, plant growth reduces the biological oxygen
demand {BOD} of the water, vhereas plant decay increases the BOD, Differences
in the dynamics of total organic carbon between the two species may be a
function of other organisms present in the experimental chambers or they may
represent real differences in the way the two species decompose. . Fram the
data, it appears that decomposition of Thallasia results in a lower rate of
release of ‘organic carbon, while Halodule releases organic carbon at a fast
rate during decomposition. In many instances, the uptake rates for the
sSeagrasses are small compared to the release rates. This may reflect, in
part, an uptake of nutrients from the sediments by the plants, then a release
of these nutrients to the surrounding waters during seagrass decomposition.
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Table 6-3. Nutrlent Exchange Rates for TWO Seagrass Species Durlng Low Growth (10°C) and

Decline (30° C) Periods (273)

Seagrass
Species

Thalassia testudinum

Halodule‘wrightii

Nutrient E

Low Growth Decline Low Growth Decline

(kg/ha/d)
Total Suspended Solids x 10 -3.170 7.65 ~2.70 0.804
Biological Oxygen Demand 0.252 ~6.56 0.014 -6.58
Total Organic Carbon -0.842 1.69 -0.424 -12.65
Particulate Total Kjeldahl Nitrogen ~0.022 0.107 ©0.011 0.19
Filtered Total Kjeldahl Nitrogen 0.089 -1.40 0.024 -0.92
Filtered Organic Nitrogen 0.089 —1.40 0.024 -0.92
Atmonia - Nitrogen 0.038 -0.934 -0.004 -0.28
Nitrite - Nitrogen ~0.004 0.011 0.002 -0.21
Nitrate - Nitrogen -0.090 0.071 -0.093 0.02
Particulate Total fhosphate~ —0;001 "=0.695 | -0.004 0.02
Filtg;ed“Topal Phosphate _6.0v7 10.034 0.010 i —O.D?_ g
Ortho Phosphaté 0.005 -0.003 -0.001 0.03.




Plankton .
! .

Nutrient c¢ycling within the plankton community is extremely rapid, with
nutrients aquickly removed by phytoplankton, phytoplankton incorporated into
herbivorous zooplankton, and nutrients released via zooplankton excretions.
The time a nutrient molecule spends in anyone phase of the cycle can be very
short, possibly averaging only minutes in some phases, so the small quantity
of nutrients observed to be dissolved in the water belies a large primary
-productlvlty. In addition to plankton, Fomeroy, et al (188) has suggested
that in trubid estuaries, colloidal clay may play a role in buffering nutrient
concentrations. Clay particles may adsorb nutrients, releaqu them only when
concentrations are very low.

Benthos

In Texas estuaries, benthic organisms play a major role as intermediates
in the transfer of nutrients and energy from primary producers {plants) to
larger organisms. 'This can be seen in an analysis of diets of cammon coastal
fish and bird species. The crustaceans, wormS and molluscs which inhabit the
grass and mud/sand flats are major  constituents of the diets of croaker,
drum, seatrout, and most wading birds (380). For example, the gmall clam
Mulinia lateralis, very abundant in shallow waters of Laguna Madre, filters
plankton and other material from the waters. This species is a major food
source for the black drum (Pogonias cromis) and the productivity of this
fishery species has been directly linked to the cvyecling of energy from
plankton to fish through these benthic clams.

Small shrimp, such as the grass shrimp (Paleomonetes 8p.), =mall snails,
and polycheate worms are part of the detrital nutrient cycle. Bacteria and
fungi attack dead seaqrass leaves and actually increase the nutritive value of
these particles by increasing their protein content (40]). When larger
organisms consume these enriched particles, some of the nutrients are excreted
and thus made available to the planktonic food web, while the remaining
nutrients are 1ncorporated into benthic organisms, which are preyed upon by
- higher consumers in the trophic system of the egtuary.

Birds and Fish

Higher order consumers such as birds and large fish play a role in
conversion of nutrients stored in other organisms to forms available for
primary productivity through their respiration and excretion. The Texas
Colonial Waterbird Survey documents local concentrations of birds along Laguna
Madre (260). Bowman et al. (16) estimated that some of these birds,
particularly the larger fish eating birds, consume up to 1 1b fish/bird/day.
Some of the consumption is lost as excretion products which could be a locally
important source of nutrients for primary production. A variety of species of
waterfowl over-winter in the Laguna Madre. Cornelieus (35) estimates that the
Redhead duck population consumes 4% of the shoal grass standing crop during
its stay in lower Laguna Madre. Excretory products from these birds
contribute to nutrient concentrations. :
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Similarly, fish feeding on benthic organisms provide a recognized
mechanism for transferring nutrients from the sediments to Laguna Madre
waters through respiration and excretion of metabolic waste products.

Summqg

The factors controlling nutrient dynamics in Laguna Madre involve both
the cycling and regeneration processes within the animal and plant communi-
ties, and nutrient inflows to the estuary via terrestrial drainages. The
rates of nutrient loading from the river and coastal drainages of Laguna Madre
are variable, depending on local weather events and tropical storms. The
aridity of the region is reflected in the low 1levels of nutrient input
canmonly associated with low freshwater inflows. Therefore, cycling of
nutrients within the seagrass communities becomes particularly important in
this estuary. Specifically, the seagrass beds demonstrate nitrogen fixation,
recovery of nutrients from the sediments, and transfer of nutrients to
economically valuable species through both detrital and herbivorous (grazing)
food chains.

Limited data on nutrients within the system and an incomplete under-
.standing of transfer rates within the community have hindered a more thorough
analysis, but from the data available it appears that the dynamics of
nutrients within seagrass beds is very important to the estuarine system.



CHAPTER VII

PRIMARY AND SECONDARY BAY PRODUCTION
Ig_tio_cluct ion

In order to understand the variations in Laguna Madre fisheries and the
general "health" of this estuary, the changes in lower trophic levels of the
biological system (i.e., primary and secondary producers) must be monitored
and studied. By routinely monitoring these organisms over a number of years,
we can understand the seasonality of production, distribution of production, .
and the sensitivity of the biological community to envirommental changes.

In Laguna Madre, the groups of plants and animals which comprise the food
web are the primary producers——planktonic algae, submerged attached algae,
submerged flowering plants;.secondary. producers--zooplankton, benthic inverte-
brates; and fish which may function at several trophic levels (Figure 7-1).
Fish and shellfish are discussed in chapter VIII., This chapter discusses the
distribution and seasonality of production in lower trophic levels.

The Laguna Madre is a system more dependent on primary production within
its waters than on material imported from the land via rivers. Basically,
this primary production depends on the numbers and kinds of photosynthetic
organisms which use the sun's energy to fix car:bon from carbon dioxide and to
incorporate it in organic material. :

The phytoplankton (free-floating plant cells) form a portion of the bhase
of this structure as primary producers. FEstuaries benefit from a diversity of
phytoplankton by experiencing wvirtually vyear-round photosynthesis and pro-
duction. Shifts in community composition” and replacement of many species
throughout the seasonal regime provide an efflclent adaptation to seasonal
changes in biotic and abiotic factors. '

Aquatic macrophytes such as seagrass and algae also contribute to the
productivity of the estuary in a major way. These submerged plants are a
source of food energy to the éstuary both during their growth season and then
through their detritus as they die back in unfavorable seasons.

Though the Laguna Madre ecosystem combines the contributions of all food

web elements, in this chapter the elements—-phytoplankton, zooplankton, other
aquatic plants, and benthic invertebrates--are dealt with separately.

Data Collection

Information on plankton and benthic organisms comes fram recent studies
of Laguna Madre. Hildebrand and King (23) conducted an envirommental survey
of the marine ecosystems in upper Laguna Madre in the vicinity of the Barney
Davis Power Station at the base of Encinal Peninsula (near Flour Bluff). The
study, which began in July 1972 and ended in June 1978, was divided into three
2-year periods—--one, before the generation of electricity; two, after the
first 325 megawatt generator went on line; and three with two 325 megawatt
units in operation. Phytoplankton, zooplankton and benthos collections were
made from eleven stations established in upper Laguna Madre (Figure 7-2).
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VII-2

r‘f



{e2) aipe eunBeq Jeddn ur suoneso Bundwes |eotBojolg "g-£ einbiy

| A S |
M | n Q

r 7
T 24

£
B

¥ g
A et

b

VIii-3



f
f
{

Espey, Huston and Associates, Inc. (55) conducted an aquatic biota survey
of lower Laguna Madre based on available literature and field, studies
performed July 12-16, 1977. Phytoplankton and zooplankton samples were
collected from 13 sites; benthic macroinvertebrates were collected! from 15
sites. Stations were located to give a broad coverage of lower Laqp'ma Madre
in the general vicinity of a proposed drainage canal in Willacy and Hidalgo
Counties. In addition, transects were established along the Raymondville
Drain, Existing Ditch through the El1 Sauz Ranch, North Floodway, Arroyo
Colorado, and Arroyo Colorado Cutoff. Sampling stations are described in
Table 7-1 (55).

Phytoplankton

Upper Laguna Madre

Hildebrand and King (23) obtained samples of only the large phytoplankton
in upper Laguna Madre due to the collection method they employed. Even so, a
total of 135 phytoplankton species were identified from the area, including
115 diatoms and 20 dinoflagellates.

The lowest number of phytoplankton species was collected during the first
year of the study (64 species). The nurber remained fairly constant (75-80
species) until the Barney Davis Power Station reached full capacity and the
number collected fell to 67 species. Densities were greatest during the
winter months and lowest in the spring and summer months except for occasional
moderate blooms of diatoms (Figure 7-3 and 7-4). The greater winter concen—
trations were perhaps due to favorable temperature and rainfall conditions.

Phytoplankton blcoms generally occurred from December through March
during the study. Major blooms were most often characterized by four diatom
species: Chaetoceros affinis, Thalassionema nitzschoides, Asterionella
japonica, and Skeletonema costatum. Salinity was the apparent controlling
factor of phytoplankton blooms (i.e., blooms generally occurred after a
salinity change, but never in salinities exceeding 40 ppt).

The most numerically dominant diatom genera during the entire study were
Chaetoceros, Nitzschia, Thalassionema, and Thalassiothrix; the dominant
dinoflagellate genera were Ceratium and Noctiluca. Ceratium was collected
throughout . the study. Noctlluca catches, however, were greatest during the
initial collection period, and declined to a low during the later stages of
the study; peak catches were recorded during the winter months.

Species diversity was relatively constant in upper Laguna Madre through-
out the study (Figure 7-5). Bhizosolenia alata, a single species which
composed 99 percent of the sample, was responsible for the severe decline of
diversity in May 1977. .

Lower Laguna Madre

Seventy (70) phytoplankton species representing 7 divisions were col-
lected during the Espey, Huston and Associates survey (55). The Chlorophyta

VII-4



Table 7-1. Descriptions of Aguatic Sampling Stations in the Lower Rio Grande Basin Project Area, 12-16 July 1977

C=IIN

- : SEE— - — - : : T Gurface
Station/Drainage : : : :  Depth 1 Salinity
__Area .  Location I S Description i Substrate : (meters) :_ippt)y
Ravmondville Drain
Station 1 Intersection with S 77 Channel adjacent to hridge; 1.0 4.8
approximately 12 m wide soft mud 1.0 4.8
2 Intersection with TX 186 Channel adjacent to bridee; 2.8 7.1
aporoximately 12 m wide soft mud 0.8 7.1
3 SE of Station 2 Shallow area, 200 m wide;
turbid, virtually no emergent
vegetation silt and mué 0.2 7.9
4 Mouth of East Main Drain Shallow area, 300 m wide:
turbid, virtually no emerqent
vegetation soft mud and silt 0.2 8.3
Existing DHitch in
Project Area
Station 5 Intersection with US 77
Approximately 6 km S of
Raymondville and 300 m Srhole, 3 m wide
‘N of the Loop 56 Inter-— Stagnant area near culvert
section with US 77 opening on east side of US 77 deep soft mud 1.6 1041
6 Intersection of M 1420, ™mol, B m wide, near culvert, on
approx imately .8 km south east side of FH 1420. Pronounced
of Willimar flow towards east soft mud 1.5 3.7
7 Laguna Madre, at mouth fim sam and mud
of ditch in project area Shallow flat bot tom 3.2 21.1
8 Laguna Madre, approximately fimm samd and mud
1.6 km E-SE of ditch mouth Shallow flat bot tam 0.2 18.8
North Floodway:
Station 9 Intersection of PM 1420 Steenly channelized canal, 16 m C
wide, with pronounced flow to east very soft, deep mxd 2.3 3.7
Isolated Falt:
Station 10 Located between mouth of
existing ditch and south of Shallow embayment with no hard, shallow crust
. North Floodway, approximately __direct snurce of freshwater with underlving -
75 m from shore input soft mud n,2 62.0

{Contimed)
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Table 7-1. Descriptions of Aquatic Sampling Stations in the Lower Rio Grande Sasin Project Area, 12-16 July 1977 (Cont'd.)

. ; : o : : : Surface
Station/Drainage : : : : Depth 1 Balinity
__Area e : _ _Iogcation o __._Descriptien __ _ ~~: __ Substrate 1 (meters) - {ppt)

Lagquna Madre near
Project Area—-W
Side of Intercoastal
Spoii Banks
Station 11 2.8 28.5
12 ’ 0.6 21.0
13 0.5 34.0
., Open areas with little aguatic
14 veqetation at locations sampled 0.6 -
althouah seagrass patches and rad
15 algal mats were ohserved aoft mud 0.9 34.0
16 0.3 33.0
28 0.1-0.5 —
Lagquna Madre near
Project Area——
Intercoastal Canal
Station 17 In Mid-channel Adjacent to Open area snft mud 3.0-4.0 36.1
Buoy 297 ’
18 In Mid-channel Adjacent to
Buoy 299 Open area soft mud 3.0-4.0 36.2
27 West Edae of Canal Adjacent
to Buoy 301 Open area soft mud 1.5-3.0 35.0
Laguna Madre near
Project Area—-—
On E side of Inter-
coastal Canal Spoil
Banks
Station 19 Approximately 0.5 km East of
Buoy 297 Open area firm mud 0.6-1.1 31.0
20 Approximately 0.5 km Fast-
Northeast of Buoy 299 Open area firm mud 0.7-1.1 - 35.9

{Continued)



Table 7-1.

Station/Trainage
.. hrea

Arro;;o Colorado
Northern Branch
Staticn 21

22
Arroyo Colorado

Cutoff
Station 23

24

25

Location

Descriptions of Agquatic Sampling Stations in the Lower Rio Grande Basin Project Area, 12-16 July 1977 {(Cont'Ad.)

Description

Approximately 4 km downstrean
fram fork with Arroyo Colorado
cutoff

Approx imately 160 M southwest of
Station 21, in mid-channel

12 m from north shore, approxi-
mately 200 m west of fork between
noethern branch and cutoff

Mid-channel near east end of
Arroyo Hondo City and approxi-
mately 3 km east of Station 23

Mouth of Arroyo, Colorado cutoff
East side of Intracvpastal Canal

spoil banks, near mouth of
Arroyo Colorado cutoff

Shallow area with neqliagible
flow, approximately 25 m
wide

Shallow area with negliagible flow,
approximately 30 m wide. )

Open area, approximately
50 m wide

Open area, approximately
50 m wide

Turhid delta area

Turbid: approximately 100 m
from spcil banks

.t surface
Depth Salinity
Substrate [meters) (ppt)
mud and sand n.30 -
mx? and sand 0.46 10.0
soft mud and silt 3.5 14.0
unknown 5.0 16.0
shell and gray-black
silt 0.5 19.0
silt, sand and
rooted vegetation 0.3 24.0
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(green algae) and Bacillariophyta (diatoma) were the most taxonomically
abundant divisions, camprising approximately 70% of the species collected.
The diatoms were the most numerically abundant group, camprising 90 percent
of the total number of organisms collected; the euglenocids were least abun-
dant, comprising less than 1 percent. A summary of phytoplankton occurrence
is presented in Table 7-2.

In general, phytoplankton populations were greatest in the drainage
- systems and shallow inland bays where salinities ranged fram 3.7 to 21,1 ppt.
Thegse areas were characterized by high densities of various freshwater and
brackish diatom species, particularly Nitzschia palea, N. silicula, and N.
triblionella. Although green and blue—green algae were also present, their
densities were relatively low compared to the diatoms. ‘The Arroyo Colorado
was an exception to the pattern, with the diatom population being replaced by
high numbers of various flagellated forms. These flagellate populations
virtually disappeared, however, in the mixing zone at the mouth of the drain-
age (station 25).

In contrast, depauperate phytoplankton populations were discovered in the
hypersaline bay area (station 10) and the open Laguna Madre where salinities
exceeded 30 ppt. Densities in these areas ranged only fram 23,000 to 181,000
cells/liter (stations 12, 18, 20, 25). At the mouth of the Arroyo Colorado,
salinities of 19 ppt were accompanied by reduced phytoplankton populations
typical of the open Laguna Madre areas. For comparison purposes, EH&A found
phytoplankton densities of 171,000 cells/liter in Trinity Bay (58). Moseley
et al. (24) state that phytoplankton densities of 730,000 cells/liter occurred
in Cox Bay, while Espey, Huston and Associates (54) reported densities of
133,000 cells/liter in Sabine Lake. Standing crops in the Nueces and Mission-
Aransas estuaries observed by Holland et al. (280} ranged from 55,000 cells/
liter in Copano Bay to 790,000 cells/liter in Nueces Bay. ‘

Phytoplankton abundance did not appear to correlate with levels of
macronutrients nor available light (as determined by secchi disk visibility).
In the drainage systems, the pond-like brackish envirorments created by low-
flow conditions and the availability of nutrients facilitated greéat phyto-
plankton densities, despite the relatively high turbidities occurring in these
areas. The open waters of the Laguna Madre, in contrast, produced sparse
phytoplankton populations even though ample nutrient concentrations existed.
This is perhaps due to the dominance of macrophyte production in this area as
campared to phytoplankton. Odum and Hoskins (284) reported that phytoplankton
production in upper Laguna Madre and Redfish Bay near Port Aransas, where
seagrasses comprise a substantial portion of the aquatic conmmunity, may
constitute as little as 5 percent of the overall primary production. This
appears to be the case also in lower Laguna Madre.

Discussion

Estuarine plankton were divided by Perkins {184) into three c'anponents:
(1) autochthonous populations, the permanent residents; (2) temporary autho—
chthonous populations, introduced from an outside area by water movements
(capable of limited proliferation only and are dependent upon reinforcement
from the parent populations) and (3) allochthonous populations, recently
introduced from freshwater or the open sea (unable to propagate .and have a
limited survival potential). Results indicate that the Laguna Madre system
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Table 7-2. Summary of Phytoplankton Occurrence (no./ml) in the Lower Rio Grande Basin Project Area, 12=-16 Julv 1977

Salinity : : . : l : : B : 1 Total : No. of = Di\}ersity
.Station {ppt) : Greens : Euglenoids : Diatoms : Dinoflagellates : Blue-Greens : Others : Density : Taxa : (H) a/
3 7.9 340 0 " 137,072 0 - 2,040 0 139,452 17 1.45
4 8.3 340 0 100,680 340 o 0 101,360 1 1.36
£6 ) 3.7 w4 46 4,808 23 © 433 0 5,674 24 LTS
7 Co211 0 0 23,468 0 3,741 0 © 27,209 10 1.58
& 16.8 1,020 0 98,299 0 7,360 108 100,679 8 0.40
9 3.7 6,734 544 25,578 0 _ 3,537 0 36,8017 35 2.30
0 60.4 0 0 23 0 0 , 0 - 23 1 (0) b/
12 o/ 33.0 o 0 23 -0 0 0 23 T (@ -
12 d/ 30.5 0 0 T 158 .0 0 0o 158 3 ' (1.08)
18 o/ 35.0 0 "o 23 0 ' 0 0 23 -1 (o)
18 &/ 37.0 0. 0 ’ 181 0 . 0 0 181 1 (0)
20/ 35,5 0 o 68 0 o 0 e 2 (0.64) -
20 d/ 32.0 0 0 26 0. ‘ 0o 0 TS 2 C(1.34)
22 "10.0 749 91 1,224 g1 590 953 3,698 on 2.31
23 14.0 2,154 0 0 13,061 181 2,177 17,573 7 7.1
25 19.0 0 0 , 23 0 0 23 46 2 (0.69)
Calculated as n ‘ ) i
Ly Py In P,

Sample size with den51t1es too low for adequate diversity determlnatlon
Sample taken between 01G0 and 0300 hours on 13 July 1977
Sample taken between 1130 and 1200 hours on 13 July 1977
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supports a phytoplankton population based on allochthonous or tenporary autho—
chthonous components ‘due to the harsh, fluctuating environmment.

Freshwater inflows may act to import freshwater phytoplankton species
into the svstem. This input may be substantial as evidenced by' the high
phytoplankton densities in the drainage systems of lower Laguna Madre compared
to the open water stations (55). - Freshwater inflows function. B to lower
gsalinities and to transport nutrients, detritus, and dissolved organic
materials into the system. More nutrients and freshwater plankton may be
imported to the system with increased flow rates, thereby increasing standing
crops and primary production. However, very high flow ratées (flood
conditions), the effect of high turbidities, salinity changes, and flushing
out of indigenous populations may. actually depress phytoplankton abundance and
productivity.

Phytoplankton species vary markedly in their ability to withstand charges
in salinity. Accurate halobion classification of most species found in the
Laguna Madre is impossible at the present, due to insufficient culture experi-
mentation on salinity optima and tolerances. Chu (26) noted that although
‘cell division can continue in freshwater for most estuarine species, most
freshwater species cannot grow in salinities exceeding 2 ppt. Foerster (64)
found, however, that many freshwater species can resume growth after exposure
to seawater if placed in a freshwater medlum. ‘

Zooplankton

Upper Laguna Madre

Estuarine zooplankton actually represent two separate cateqgories: the
holoplankton and the meroplankton. Holoplankton are true zooplankton that
spend their entire life cycle as animal plankton (e.g., copepods, cladocerans,
larvaceans, chaetognaths, and ctencphores). Meroplankton, however, 'represent
only certain life stages of animal species that are otherwise not considered
planktonic (e.g., larval stages of barnacles, oysters, shrimp, c;:abs, and
fish). ' .

Hildebrand and King (23) found zooplankton populations in upper Laguna
Madre were erratic throughout the six year - study. Mean monthly densities
showed tremendous variation--up to two orders of magnitude-—over short periods
of time. Densities ranged from an average of 27,000 organisms/month (1973-74)
to 118,000 organisms/month (1975-76}. In general, peak densities occurred
during the spring months. T )

The zooplankton population in upper Laguna Madre was dominated by cope-
pods. Approximately 70 copepod species were identified from collections in
upper Laguna Madre and Oso Bay. Copepod populations were generally greatest
during the fall and spring months of the year. Because of their dominance,
the copepods are an mportant\ group to monltor, since their disappearance
“could greatly disturb the macroscopic consumers in the region. The calanoid
copepod Acartia tonsa was the dominant species in the zooplankton community,
comprising approximately 50 percent of the total organiams identified each
vear. -Other major genera of calancid copepods included Pseudodiaptomus and
Centropages; populations of these zooplankters followed the same seasonal
pattern as Acartia tonsa, with peaks in the fall and spring and a decline in

vii-i3



winter. The cyclopoid copepods, commonly represented by Oithona and Saphi-
rella, were only about one-tenth as abundant as the calanoid copepods.

The meroplankton, dominated by trochephore larvae, bivalve larvae,
gastropod veligers, and barnacle nauplii, ocontributed heavily to springtime
zooplankton peaks. The polychaetous annelids were also a consistent mero-
planktonic group during the study and made a major contribution to the diver-
sity of species. The barnacle nauplii, which formed a major canponent of the
zooplankton community, were ubiguitous throughout the study; populations
generally increased steadily to a springtime peak and .then decreased through
early summer.

The chaetognaths, represented by Sagitta spp., averaged less than 1
percent of the total number of zooplankton. These woracious carnivores,
however, form an important link in the energy conversion of microzooplankton
into food for fish.

Lower Laguna Madre

A total of 47 zooplankton species representing 12 phyla were collected
from the Espey, Huston and Associates study (55) in lower Laguna Madre. The
most taxonomically. prominent phylum was Arthropoda which accounted for 40
percent of the organisms identified. Numerically, the rotifers accounted for
“almost half of the organiams c©ollected. The freshwater zooplankton
assemblages included such organisms as the cyclopoid copepods of the genus
Cyclops and rotifers, including Asplancha and Brachionus. The brackish or
estuarine species were commonly represented bv the calanoid copepod Acartia or
the cyclopoid copepod Oithona. Greatest densities were recorded 1n the
isolated flat off the mouth of the North Floodway at station 10; lowest
densities occurred in the open Laguna Madre waters (stations 12, 18, and 20)
and the Arrovo Colorado Cutoff (station 25) (Table 7-3).

The drainage systems with the brackish, plankton-rich waters were domina-
ted by moderate numbers of the rotifer Brachionus plicatilis. This rotifer
species was also present in extremely high numbers fram station 10. The open
Laguna Madre areas exhibited low to moderate populations of foraminifera,
barnacle nauplii, crab zoea, larval polychaetes, and immature copepods, with
virtually no Brachionus plicatilis; moderate densities of adult copepods (e.g.
Oithona plumifera, Saphirella sp., Macrosetella sp. and Acartia tonsa) were
observed. The zooplankton populations collected in the mixing zone of the
Arroyo Colorado Cutoff water with the open Laguna Madre were a mixture of both
systems: (1) the euryhaline rotifer, Brachionus plicatilis, common in the
brackish, inland drainage areas, was present in moderate densities; (2) densi-
ties of the foraminiferan Elphidium were similar to those of the open Laguna
Madre; and (3) the copepod taxa found in Laguna Madre waters were con~
spicuously absent., :

It is interesting to note that the copepod Acartia tonsa was not present
in large numbers in lower Laguna Madre. This species was a dominant zoo-
plankton form in the Sabine—-Neches, Trinity-San Jacinto, Lavaca-Tres Palacios,
Guadalupe, Nueces and Mission-Aransas estuaries, as shown in previous studies
{338, 58, 54, 251, 256, 280).
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Table 7-3. Summary of Zooplankton (no./1) Collected in the Lower Ric Grande Basin Project Area 12-16 July 1977

: Salinity : : : : : : : : : Total : No. of : Diversity

Station : (ppt) : Rotifers : Gastrotrichs : Copepods : Barnacles : Zoea : Tintinnids : Foraminiferans : Others :; Density : Taxa :. (H)} a/
3 7.9 180.0 0 1.9 0 0 0 5.6 1.9 189.4 6 . 0.767
4 8.3 45.9 ' 0 57.4 0.8 0 0 2.5 6.6 111.5 10 1.502
6 3.7 501.2 1.3 76.4 0 0 0 0 0 578.8 7 0.624
7 21,1 190.0 110.0 390.0 M 0 o ¢ 1,000.0 1,650.0 9 1.695
8 18.8 800.0 537.5 150.0 12.5 0 62.5 0 12.5 1,575.6 3 1,319
9 3.7 474.9 0 5.0 0 0 0 0 2.4 482.3 11 0.546
10 60,4 6,896.5 5,316.1 1,449.3 287.4 0 299.9 g 0 14,249.2 8 1,171
12b/ 33.0 0 0 20.6 18,8 0 0.6 29.3 1.2 90.5 9 1.491
12¢/  30.5 0.2 0.2 23.3 0 0.5 0.2 . 1.5 0.2 26.1 12 1.719
18/  35.0 0 -0 44.4 18.8 0.6 ] 13.1 0.6 77.5 9 1,764
18 ¢/ . 37.0 0 0 23.8 14.5 0.5 0 0 25.2  64.0 12 1.733
20 b/ 35.5 - 0.2 0 4.5 10.48 0 0.2 0 7.6 33.3 12 . 1.861
20 ¢/ 32,0 ) 0 28.0 17.5 1.0 0.5 - 7_ 7.5 2.0 56.6 12 2,045
22 . 10,0 113.0 0 1.0 1.0 0 1.0 5.0 3.0 124.0 8 0.447
23 - 14.0 24.0 o 1.0 0 0 0 0.2 0 25.8 | 5 1.023
25 19.0 26.5 1.0 16.5 0 0 1.0 11.0 3.0 39.0 1 1.49’17.
- al Ca‘lgulated as T% b 1n b,
i=1 "1 i

b/ Sample taken between 0100 and 0300 hours on 13 July 1977
</ Sample taken between 1130 and 1200 hours on 13 July 1977



Maximum and minimum densities in lower Laguna Madre were moderate to high
compared to results mentioned from the above studies (Table 7-4).

Eﬁscussion

Many zooplankton species found in Laguna Madre are widely distributed
along the cocasts of the United States, while others may even have a worldwide
distribution. For example, ‘Green (72) reports that Acartia tonsa may be found
in the Central Baltic Sea area; Brachionus quadridentata is also known from
points as distant as the Aral Sea of Russia.

Other zooplankton studies conducted in estuaries and bays along the Texas
coast have produced similar results to the Laguna Madre study. As previously
mentioned, the calancid copepod Acartia tonsa was the dominant zooplankton in
upper Laguna Madre. This agrees with other studies of Sabine Lake (58, 338),
Lavaca Bay (256), San Antonico Bay (251), and the Nueces and Mission-Aransas
estuaries {(280).

Acartia is probably an important food source to some species of small and
larval fish in this system. Therefore, any envirormental perturbations, such
as change in flow rate, may indirectly affect zooplanktivorous fish popula-
tions by altering their food supply.

Freshwater inflows can influence zooplankton in several ways., Estuarine
zooplankton standing crop composition can be altered by importation of fresh-
water specieg. Inflows can also transport zooplankton food resources into the
system in the form of phytoplankton and detritus. However, zooplankton
communities may also be adversely affected by increased river inflows. Sudden
shifts in salinity and flushing out of autochthonous populations can decrease
zooplankton standing crops. Indeed, Perkins {184) reported that the primary
factor influencing the composition and abundance of estuarine zooplankton is
development rate versus flushing time. Saltwater intrusions, on the other
hand, act to (1) import marine zooplankton into the system, (2) import marine
phytoplankton as a food source, and (3) increase salinity.

Shifts in zooplankton composition and abundance resulting from altered
freshwater inflows are an area of concern. Inadeguate data on the seasonal
patterns of zooplankton in the Laguna Madre, however, precludes any analysis.
Previous studies (55) have indicated that periods of heavy freshwater inflows
result in decreased zooplankton ropulations. Espey, Huston and Associates
concluded that zooplankton populations in lower Laguna Madre drainage systems
could be temporarily reduced due to the flushing effects and salinity drops
occurring during flood conditions.

Marsh Vegetative Production

An estuarine marsh is a complex living system which provides (1) detrital
materials (small decaying particles of plant tissue) that are a vital basic
food source for the estuary, (2) "nursery" habitats for the young of econam-
ically important estuarine—dependent fisheries species, (3) maintenance of
water quality by filtering upland runoff and tidal waters, and (4) shoreline
stabilization and cother bhuffer functions.
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Table 7-4. Range of Mean anthly Zooplankton Den51t1es in Texas Estuaries

(Individuals/m3)
System Minimum
Sabine Lake (62) 381 . 1275) 20,042 (Oct. 1974)
Trinity Bay (74) 1,235 1975) 1976)
Lavaca Bay (272) 1,980 1973) . 1974)
San Antonio Bay (271) 820 1973) 1973)
Nueces é,ay (295) 832 1973) 8,627,855 . 1974)
‘COrpus Christi Bay (295) 1,722 1972) 53,657,037 1973)
Gobano Bay (295) 1,296 . 1974) . 1973)
Aransas Bay (295) 2,497 | 1972) 3,008,679 1974)
Lower Laguna Madre (55) 33,000 . 1977) . 1977)




The most - striking characteristic of a marsh is the large amount of photo-
synthesis (primary production) within the system by the total plant cammunity
{i.e., macrophytes, periphytes, and benthic algae); thus, estuarine marshes
are recognized as among the world's most productive areas (173, 172). United
States estuarine marshes of the Atlantic and Gulf coasts are no exception,
since the inhabiting .rooted vascular plants have adapted advantageously to
the enviroment and are known to exhibit high biomass production (299, 403,
39, 192, 301, 294, 343, 14). As a result, the marshes are large-scale
contributors to estuarine productivity, poviding a major source of particulate
(detrital) substrate and nutrients to the microbial transfommation processes
at the base of the food-webh which enrich the protein levels and food value for
consuming organisms (44, 45, 215, 174, 409, 149, 148, 41, 185, 48, 125, 211,
96, 97, 103). Recent research has demonstrated a correlation between the area
of salt marsh vegetation and the commercial harvests of penaeid shrimp (341).
For Texas estuaries, the statistical relationship indicates at least 30.0
pounds of shrimp harvested (heads-off weight) per acre of intertidal marsh
(33.6 kag/ha). ‘

The area-of salt marsh in Laguna Madre is severely restricted. Other
than marsh associated with mangroves in the South Bay, the only marsh areas
lie along the upper arms of Baffin Bay, inclusive of Alazan Bay, Cayo del
Grullo, and Laguna Salado. This is chiefly a marginal fringe of plants
associated with salt marsh production. No data has been found on the
contribution of this marshy fringe to the bay's productivity, but since the
salt marsh in other Texas estuaries is so important it should not be ignored.

Seagrass Productivity

Seagrass veds constitute a major biological feature of Laguna Madre and
daminate the primary productivity. Recent reviews of the literature on sea-
grasses are found in Nessmith (171), Merkord (169), and McRoy and Helfferich
{167). The seagrasses are swmerged aquatic flowering plants common in many
estuaries worldwide. Kikuchi and Peres (121} summarize the general importance
of seagrass beds to the estuaries and coastal marine canmmunity. Briefly, the
categories are {a) as a site for epiphytic algal productivity, (b) as a
physical shelter for organisms from wave action and high light intensity, (c¢)
as an ald to sedimentation of suspended particles, (d) for production
{contributing oxygen to the water) and (e) as a food resource.

Through these mechanisms, seagrass beds, or meadows, are considered to be
nurseries for fish and shellfish. Thus the distribution and productivity of
these plants are important in evaluating the Laguna Madre ecosystem.

Table 7-5 lists the species of seagrasses important in Laguna Madre
together with their salinity and temperature tolerances. Thallasia testudinum
(turtle grass}, has long wide blades. It is important throughout the Caribean
and does best under strong marine influence —- as near the Brazos Santiago
Pass in lower Laguna Madre. The other common species are gnaller plants with
narrower leaves. Ruppia maritima (widgeon grass) generally grows in the
shallowest waters, Halodule wrightii appears in the upper intertidal =2one,
Thalassia prefers constant submersion, and Syringodium filifome (manatee
grass) appears to require constant submersion (171).
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Table 7-5. Salinity and Temperature Tolerances of Some Seagrass Species

Salinity B Salinity : Temperature

Species _ : : Tolerance : - Preference : Tolerance
{ppt) (ppt)
Thallasia testudinum <60  (168) 20 - 35 (187) .7-32°C (187)
10 - 50 (165) 28 - 32 (168}
Ruppia maritima S 0 - 30 (1e8) <28 (168)
Halophila engelmanni 13 - 50 (168) ° <37 (168)
Syringodium filiforme 3.5 = 40 (168)
16 - 50 (165)
Halodule wrightii 10 — 60 (187) | - 7-32°C (187)
: <72 (168) |
L
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Upper Laguna Madre contains large beds of Halodule with associated
. Halophila engelmanii and Ruppid. In lower Laguna Madre Syringodium .filiforme
is most important, with increasing Thallassia near Port Isabel.

N

Seagrass meadows are one of the most productive systems in capturing the
sun's energy and producing biomass. McRoy-and McMillan (168) provide a recent
review of-data on the productivity of seagrass communities, Thallasia beds
may fix an averaqe of 9 g C/mé/day and consist of a standing stock of 8 kg
dry welght/m . Other species have amaller leaves but may attain 500 g dry
weight/m2 during optimal conditions. McRoy and McMillan estimate that
subtropical Thallasia beds may yield an annual production of 1000 g C/m2.
Less data is available for other species represented in Texas bays. Produc-
tion is highly seasonal, highest during June or July and almost nothing during
the winter months.” Seagrasses die back to their rhizomes in the fall or
beginning during hot summer months. Combinations of high temperature and low
salinity can also cause a die back of seagrass populations (187). Consumer
species such as mullet and shrimp migrate into and out of the seagrass meadows
in response to this cycle of productivity.

Seagrass productivity fuels the rest of the ecological system through
three routes: (1) directly, (2) through seagrass detritus, and (3) through the
epiphytes and epifauna growing on the leaves.

Relatively few species utilize the living seagrass leaves though pinfish
have been observed to pluck them (171). Wintering ducks also use these
seagrasses directly as food. Cornelius (35) estimated that 4 to 5 percent of
the fall standing crop of Halodule in lower Laguna Madre was consumed by
wintering Redhead ducks. . -

For the invertebrates and fish of the estuary, however, seagrass detritus
is far more important than the living plants., FEach year dead leaves break
away from the plants to form huge mats, driven by winds onto the shore.
Leaves also wash around in the water column, or are buried in sediments.
Hildebrand and King (23} mention that the large mats of dead leaves accumu-
lating in the fall are broken up and dispersed during the winter. The
decomposition of this detritus provides the main fuel for the spring and
summer productivity of ‘Laguna Madre estuary. The dead seagrass represents a
pool of nutrients released slowly during winter with low bacterial growth
rates and released more rapidly as spring temperatures increase.

The contribution of the seagrass meadows to Laguna Madre lies not only in

primary production, but alsc in the productivity of the epifauna and flora of
seagrass leaves. Pulich (191) estimated that epiphyte growth in upper Laguna
Madre could amount to 12 g/m? in a bed where seagrass leaves totaled 200
g/me. Much of the grazing of herbivores within these meadows is on the
eplphytes and not on the grass tissue itself. The data of Fry and Parker (65)
support  this. Analysis of 13C/14C ratios in producers, consumers and
predators strongly suggests that much of the carbon that finds its way up
through the trophic chain originates in the seagrass beds, probably in the
epiphytes.

Pulich (191) demonstrated that salinity and nutrients potentially limit

the growth of epiphvtes on seagrass. FEpiphytic growth is less in the more
saline upper Laguna Madre than in Corpus Christi Bay, for instance. Thus,
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factors which effect long term salinity change within Laguna - Madre would
influence also the food chain dependent on seagrass epiphytes.

Algal Mat Productivity

The large portion of Laguna Madre which is very shallow (less than 10 om
water). Periodically exposed sand and mud flats, primarily on the landward
side, are sites for another community which contributes to productivity. The
flats can be seasonally covered with a thin algal mat, 1-3 cm thick, composed
mostly of the filamentous blue-green algae Lyngbya convervoides (13). Birke
(13) describes the structure of this natural community and the functions of
its elements. Briefly, the mat consists of an overlying photosynthetic zone,
a heterotrophic mid-zone, and a bottom layer which grades into the sediment
and where there are strong reducing potentials. In the water above the mat
live aquatic insects, crustaceans, and fish (including silversides, pupfish,
and the Gulf Killifish). Within and beneath the mat are found marine worms
and amphipxis. Small mussels, important in the diet of the black drum, may
. live beneath the mat. '

The chlorophyll a content and productivity of the algal mat is very high.
Sollins (209) found net productivity to be .55-. 769 0y/mé/d. From the
data of Sorensen and Conover a mat could have a weekly ‘increase in biomass of
1.04 grams/gram of mat/week (g/grm mat/week) during warm months {1 grm mat = 4
cmz). This would give a potential productivity of 5.2 kg/m/week. How-
ever, much of this productivity is not realized due to fluctuations in the
environment; some is lost within the community to grazers and decomposition of
lower layers, and some production may wash away.

Significant exportatlon of productivity from this community to other
areas would be associated with wind events and winter breakup of the mats.
This could mean significant output to the detrital pool.

Other input from this community to the Laguna system flows through the
fish and benthos associated with this community. No information is available
on anounts, but this could be significant for winter waterfowl and other bird
species, as well as major commercial fish species.

Little direct information exists on the effects of inundation on this
camunity or on the system as a whole through this community. The elements of
the community have the capacity to withstand both highly saline and freshwater
conditions; many can survive dry periods in dormant stages. Therefore, a rise
in water level may transform a flaky crust on the mud surface into a highly
productive community within hours. Flooding, or storm conditions, or high
wind and rain, may act to transport materials from the flats to other portions
of the estuary. This would greatly fuel the detrital based productivity, a
vital segment in the food chain, and important in shrimp and black drum
production,

Mangrove Productivity

In Laguna Madre the black mangrove occurs in scattered patches along
Padre Island and in the South Bay region as a more extensive growth. Sherrod
{206) discusses the present and past distribution of this mangrove (Avicennia
germinalis) along the Texas Gulf Coast.
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In Texas, black mangroves grow as woody shrubs which have been suggested
as representing the tropical eguivalent of saltmarsh vegetation (266).
Mangroves stand in water so that their leaf fall contributes detritus to the
system. Since mangroves are very productive, this leaf fall can amount to a
substantial biomass input, fueling detrital food chains in the estuary. The
pathways of this detrital energv input in the system are discussed by Odum and
Heald (178).

The black mangrove can survive freshwater conditions indefinitely, but
withstand hypersaline conditions (100-180 ppt) for only a few days (206}.
Thus it has been historically limited in its distribution within Laguna Madre
by the hypersalinity associated with extended droughts.

Discussion”

- Table 7-6 summarizes the contribution of the major primary producers to
Laguna Madre. Areal extent of some communities is based on envirommental
mapping from remote sensing data (266). Areal coverage of seagrass epiphytes
is based on the assumption that all seagrass leaves have a similar cover of
epiphytes in all areas. The areal coverage of plankton is taken as the area
where depths exceed 4 ft; the areal coverage of algal mats is assumed to be
the total area of very shallow or exposed sand and mud flats. These latter
two areas are probably potential maximal areas.

From this table one can estimate the relative energy input from each of
these natural communities to the Laguna Madre trophic system. The data can be
converted to biomass productivity per sguare mile and multiplied by the areal
coverage of each commmity. The productivity, in millions of kilograms carbon
fixed per day over the entire Laguna Madre is the following, by group:

Phytoplankton .048
Seagrasses 1.50
Algal mats ‘ .94
Epiphytes .18

These figures are only estimates, and would only apply during the season of
favorable .growth. The figures illustrate, however, the great relative
importance of seagrass meadows in Laguna Madre. Combining seagrass and their
epiphytic productivities, 63 percent of energy entering the ecosystem comes in
through the seagrass community.

From year to year, and over longer periods, variation in envirormmental
factors, particularly flood events and droughts, will alter the balance of
contributions fraom these community types. Changes in other trophic levels in
the biclogic community would probably be associated with these variations in
productivity. '

Benthosi

Upper Laguna Madre

Hildebrand and King (23) found that the polychetes were the most abundant
and varied c¢lass in the bottom sediments of uwpper Laguna Madre. The
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Table 7-6. Primary Productivity in the Laguna

Madre BEstuary

Bicmass/Area : Product ivity Rate

Species Group : Coverage Area H

: : (sg. mi.) :
Phytoplankton 105 (266) 4.4 g dry-wt/m3 a/ 4.24 g C/m2/day b/, ¢/
Seagrasses 129 ¢/ {169) " 300 - 800 g dry-wt/m2 {191) .9 - 9.0 g C/m2/day (168)

‘ 6.2 - 570 g dry-wt/m2 (169) :

Algal Mats 114 (266) 270 - 640 g/m2 (13) .27 - .38 g C/mé/day e/ (13)
Mangroves - 1.09 ~ 1.25 (206) — -
Epiphytes 129 d/ 3.5 - 10.7 g dry-wt/m2 (187) 200 g C/m2/yr (187)

a/ Estimated using plankton counts (Table 7-2,

b/ Baffin Bay only (293)
¢/ Excluding sparce shoalgrass

Station B), approximate biovolumes (183), and dry weight corwersion ({136)

d/ Assuming epiphytes cover same area as Seagrasses
e/ Uses conversion factor: from (136) to charge units of oroduction from g 0z to g C



Capitellidae, Ampharetidae, and Spionidae were the daminant families in terms
of numbers of individuals and species collected. The ampharetid Melinna
maculata was the dominant polychaete.

Only two species of snails, Bittium varium and Cerithium variabile, were
common; these gastropod species were confined to submerged meadows. Mulinia
lateralis (dwarf surf clam) and Ancmalocardia cuneimeris (paper clam) were the
most abundant bivalves. Simmons {289) and Parker (182) both reported on the
abundance of Mulinia lateralis in Laguna Madre. This species is apparently
able to tolerate fluctuating envirommental conditions, evidenced by the
occurrence of large populations in both low salinity and hypersaline waters.
This clam is often referred to as "drum shell"” by cammercial fishermen because
of its importance in the diet of the black drum. Densities of Ancmalocardia
cunemeris, also eaten 'in large numbers by black drum, as high as 2000 organ-
isns/ftZ were reported by Parker (182). Hildebrand and King (23), however,
did not locate any large beds and only on the large shell ridge at station L-8
was it considered common. .

In general, the greatest numbers of species and individuals were col-
lected in the winter and spring months. The polychaetes were the most varied
group, followed by the molluscs. The grass flats had relatively few species
but were nevertheless more diverse than any other shallow water cammunity in
the area. It is apparent that in the harsh, erratically fluctuating environ-
ment. of Laguna Madre, where floods and droughts can eliminate entire popula-
tions of certain species, the strategy of survival is a very high reproductive
rate. This is illustrated in the zooplankton section where large numbers of
larvae of benthic animals in meroplankton were reported.

The Texas Department of Water Resources (332) has monitored benthic
diversity at two stations in upper Laguna Madre, near the mouth of Baffin Bay
and at Marker 59 in the Intracoastal Waterway {ICWW) between Padre Island and
the mainland. Diversity values have generally been greater at the protected
ICWW station even though water quality at the two stations is similar. It
appears, therefore, that some other factor is exerting control over the
benthic canmunities.

Lower Laguna Madre

Parker (182) found that a distinct physiographic and biological environ—
ment exists in Laguna Madre due to the high salinities, high summer water
temperatures (30° - 35°C), and the minimal water exchange with either Corpus
Christi Bay or the Gulf of Mexico. As a result, several researchers (350,
297, 287, 289, 182) have reported that the macro-invertebrate populations in
- lower Laguna Madre differ from the oyster shell and brackish-water organisn-
daminated assemblages found in less saline bays. In fact, lower Laguna Madre
has been divided into two major areas on the basis of benthic fauna (182).
The extreme southern end of Laguna Madre, subject to the influence of the Gulf
of Mexico water exchange through Brazos Santiago Pass, exhibits fairly stable
marine conditions. The dlver81ty of species is great although the total
number of individuals per species is gmall.

The area extending from the inlet northward to the land bridge is also

characterized by fairly stable physical conditions. These conditions, how-
ever, are at the upper limit of tolerance for most species of marine inverte-—

VII-24



brates; species diversity is therefore sharply reduced but the number of
individuals per species is high. Two characteristic pelecypods of this
envirorment include Amygdalum papyria and Laevicardium mortoni. The
distribution and composition of the benthic macroinvertebrate populations is
apparently related to the abundance of marine vegetation in the area. Tables
7-7 and 7-8 exhibit the characteristic benthic species of each area (350).

Espey, Huston and Associates (55) found that the substrate camposition
was responsible for the distribution of - the benthic canmunities in lower
Laguna Madre (i.e., greater diversities occurred in areas with variable
substrates). Diversities were also affected to an extent by nutrient
availability. Organisms collected ranged from ubiguitous adults to juvenile
forms inhabiting various salinity waters during life stages. Areas receiving
increased freshwater inflows (i.e., Raymondville Drain, Existing Ditch, and
Arroyo Colorado) generally exhibited increased diversities. The open waters
of Laguna Madre were characterized by relatively constant diversities and a
variety of organisms. '

Discussion

Benthic organigns are generally considered to be intermediate in the
estuarine food chain, functioning to transfer energy from primary trophic
levels, including detritus and plankton, to higher consumers such as fish and
shrimp. Since many benthic organisms are of limited mobility or even cam—
- pletely sedentary, biomass and diversity fluctuations are often investigated
in order to demonstrate natural or man-made changes which can upset ecological
balances. Further, it is known that the biomass of benthic fauna increases as
the general productivity of an estuarine ecosystem increases (72).

Benthos diversity generally decreases with distance moved upstream in an
estuary. From a minimum, at a salinity of 5.0 ppt, species numbers gradually
- increase seaward to a maximum about 35 ppt, the normal salinity of ,seawater,
and decline once more with increasing salinity (101). This was found to be
true in Lavaca and San Antonic Bays where benthic diversities declined from
the high .salinity lower bays to the low salinity upper bays and riverine
areas. Diversities were highest during late winter and early spring when
sustained freshwater inflows were low (251, 256). Espey, Huston and
Associates (55) found that increased freshwater inflows in lower Laguna Madre,
especially in the drainage systems, were -accompanied by increased benthos
diversities. ‘

Harper (217) studied the distribution of benthic organisms in undredged
control areas of San Antonio Bay and found an almost logarithmic decrease in
benthic populations with increased salinity. Holland et al. (280) also found
this to be true in Nueces Bay where an inverse relationship was discovered
between salinity and standing crop. Gilmore et al. (256) reported that ben-
thic populations in Lavaca Bay were not significantly related to freshwater
inflows; significant relationships were discovered, however, with such hydro—
logical parameters as bottom salinity, turbidity, total carbon, organic nitro-
gen and nitrate, ‘
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Table 7-7. Characteristic Mollusks of the Northern Portion of the Lowe
: Laguna Madre (350) . :

Gastropods

Bittium varium (Pheiffer, 1840)
Harminoea succinea (Conrad, 1846)
Mitrella lunata (Say, 1826)
Truncatella pulchella (Pheiffer, 1839)

Pelecypods

Amygdalum papyria (Conrad, 1846)
Brachidontes citrinus (Roding, 1798)
Laevicardium mortoni (Conrad, 1830)
Macoma brevifrons (Say, 1834)

Mactra fragilis (Gmelin, 1790)
Pseudocyrena floridana (Conrad, 1846)
Tagelus divisus (Spengler, 1794)
Tellina tampaensis (Conrad, 1866)
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Table 7-8. Characteristic Benthic Species of the Extr

Laguna Madre {350)
Gastropods

Anachis avara semiplicata (Stearns, 1873)
Bulla striata (Bruguiere, 1792)
Crepidula glauca convexa (Say, 1822)
Littorina nebulosa (Lamarck, 1822)
Nassarius vibex (Say, 1822)

Neritina virginea.(Linne, 1758}
Turbonilla interrupta {(Totten, 1835)

Pelecypods

Abra aequalis (Say, 1822)

Aequipecten irradians amplicostatus (Dall, 1898)
Anadara transversa (Say, 1822)

Anomia simplex (d'Orbigny, 1842)

Atrina seminuda (Lamarck, 1819)

Chione cancellata (Linne, 1767)

Cyrtopleura costata (Linne, 1758)

Macoma tenta (Say, 1834)

Ostrea equestris (Say, 1834)

Eéhinoderms

Lytechinus variegatus (Lamarck, 1816)
Ophiothrix angulatus (Say, 1825)

Crustaceans

Crangon heterochelis (Say)
Seopenope texana sayl (Stimpson)
Portunus gibbesi (Stimpson)

VII-27

eme End of the Lower



Sunmary

This chapter discusses the community composition, distribution. abun-
dance, and seasonality of phytoplankton. zooplankton, aquatic macrophytes, and
benthic invertebrates of Laguna Madre. The estuarine communities were typical
in that they were composed of a mixture of endemic species (i.e., species
restricted to the estuarine zone) and marine species plus several species with
the osmoregulatory capabilities for penetrating from the freshwater environ-
ment. '

Extreme fluctuations in salinity, in response to fluctuations in £fresh
and salt water inflows, are cited as a major factor in the low diversity of
some groups of organisms in Laguna Madre (34), This has resulted in shorter
food chains and a high rate of transfer of solar energy through these food.
chains to species of commercial importance (34). Variation in salinity also
affects the productivity of Laguna Madre through (a) limitations of mangroves,
(b) succession from one species of seagrass to another, (c¢) succession in
types of phytoplankton and =zooplankton species from euryhaline to marine
forms, and (d) limitation on distributions of benthic algae and
"invertebrates. '

Thus changes in the overall salinity regime of Laguna Madre would pri-
marily result in a succession in species types among the various comunities,
This would change some aspects of the food webs present, though with changes
occurring at so many places in the biologic framework it would be hard to
predict overall effects of salinity changes on the productivity of the total
system. '
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" CHAPTER VIII

FISHERIES

Introduction

Virtually all {97.5 percent) of the coastal fisheries species are
considered estuarine-dependent (86). During the five year period, 1972
through 1976, cammercial landings of finfish and shellfish in Texas averaged
97.3 million pounds (44.2 million kg) annually (354-358). Approximately 75
percent of the harvest was taken offshore in the Gulf of Mexico, and the
remainder was taken inshore in the bays and estuaries. Computed on the basis
of two general fisheries camponents, the finfish harvest distribution was
approximately 28 percent offshore and 72 percent inshore, while the shellfish
harvest was of an opposite distribution with about 21 percent inshore and 79
percent offshore. Specifically, the offshore harvests accounted for about six
percent of the total Texas red drum (redfish) landings, 17 percent of spotted
seatrout landings, 60 percent of white shrx.mp landings, ahd 95 percent of
brown and pink shrimp landmgs. . . S ‘

‘With respect to the 1972 throwh 1976 cammercial Texas bay (inshore)
landings, Baffin Bay and the upper Laguna Madre area contributed an average
21,4 percent of finfish landings and 0.6 percent of shellfish landings, while
the central and lower Laguna Madre contributed an average 30.5 percent of
finfish landings and 0.4 percent of shellfish landings. Thus, the cambined
inshore areas of the Laguna Madre estuary have contributed over half (51.9
percent) of the finfish landings and &out one percent of the shellfish -
landings in Texas bays. By comparison, the largest Texas estuary, the
Trinity-San Jacinto estuary, contributed an average 11.0 percent of cammercial
finfish landings and nearly half (45.4 percent) of cammercial shellflsh
landings from Texas bays durmg the same period (225).

Based on the five year mshore—offshore cammercial landings distribution,
the average contribution of the Laguna Madre estuary to total Texas cammercial
landings is estimated at 3,910,200 pounds (1,773,600 kg} of fish and 874,100
pounds (396,500 kg) of shellfish annually. 1In addition, the commercial fish
harvest is estimated to account for approximately 60.4 percent of the total
fish harvest in the estuary, with the remainder (39.6 percent) going to the
sport or recreational catch (258, 259). ‘Thus, an additional 2,563,600 pounds
(1,162,800 kg) of sport catch can be computed which raises the estimated
average annual fish harvest contribution from the estuary {both inshore and
offshore) to 6,473,800 pounds (2,936,500 kg). The average harvest contri-
bution of all fisheries species (fish and shellfish) dependent on the estuary
is therefore estimated at 7,347,900 pounds (3,333,000 kg) annually.

Previous research has described the general ecology, utilization, and
management of the coastal fisheries (316, 264, 162, 161, 80, 201, 197), and
has provided information on Texas tidal waters (296, 302, 359, 186) and the
relationship of freshwater inflow to estuarine productivity (385). The Laguna
Madre of Texas and Mexico (Tamaul ipas} is one of three oceanic, hypersaline
{salinity > 45 ppt), lagoon areas in the world (322). Prior studies relevant
to this system include extensive historical and ecological surveys (102, 287,
289, 106, 288, 246, 34, 31, 56, 191}, research on fish ecology and the area
fisheries (5, 117, 60, 381, 291, 322, 337, 66, 250, 242, 258, 259, 252, 253,
248, 254, 247, 50), shrimp and other invertebrates (297, 182, 295, 298, 85,
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245), seagrass beds and other vegetation (46, 116, 275, 28, 163, 416, 169),
cammunity metabolism (284, 286, 293, 33), water quality (224, 321, 327, 331,
332, 230), and sediments and shorelines (198, 6, 160, 268, 418).. It is of
interest to note that Hellier (291) estimated the maximum summer biomass of
fish and macroinvertebrates (e.g., shrimp and crabs) at 337 pounds per acre
(37.8 g/m2) and the minimum winter biomass at 18 pounds per acre (2.0
g/m?) in an ecologically homogeneous 27,000 acre (109 km2) study area in
upper Laguna Madre daminated by seagrass beds and their rich biotic coammuni-
ties. Indeed, seagrass communities are among the most favorable habitats
known for many of the fish species, supplying both food and cover to a myriad
of inhabiting organisms (310, 411, 2, 4, 3, 52, 17, 121, 61, 187). 'Thus, it
is not surprising that Hellier measured the annual net growth rate of four
dominant fishes at 57 percent and conservatively estimated the total annual
fish production at 137 pounds per acre (15.4 g/mé). It was also reported
that photosynthesis (the primary production of food) peaked annually in the
spring and that the migration and growth of the fish stocks was generally in
phase (i.e., seasonally coincident) with photosynthesis (291, 293). Similar-
. ly, Dokken- (50} found that larval and postlarval fishes had their greatest

diversity and abundance  in Alazan bay (associated with upper Laguna Madre)
during the spring (April-June), which was the only season when the Ssciaenids
{croakers, drums, and seatrouts) were collected in substantial numbers.
Therefore, while information does exist on seasonal ecology of Laguna Madre,
- multivariate equational models of fisheries production from several important
species, as a function of the effects of seasonal freshwater inflows, have not
been previously constructed for this estuary.

Data and Statistical Methcods

Direct analysis of absolute fisheries biomass fluctuations as a function
of freshwater inflow is not possible. Accurate biomass estimation requires
either considerable experimental calibration of current sampling methods (126)
or the develomment and application of higher technologies such as the use of
high resoclution, camputer interpreted, sonar soundings for estimation of
absolute fish abundance (42), Therefore, some indirect or relative measure of
the fisheries must be substituted in the analysis. In terms of measurement,
precision is a major consideration of relative estimates, while accuracy is of
paranount importance to absolute estimates of abundance (126).

Prior research has demonstrated that variations in rainfall and/or river
discharge are associated with variations in the catch of estuarine-dependent
fisheries, and can be used as an indicator for finfish and shellfish produc—
tion (105, 89, 88, 340, 213, 212). Therefore, commercial harvest can be
useful as a relative indicator of fisheries abundance, especially if the
harvest is not critically limited below the production available for harvest
on a long-term basis (i.e., the surplus production) by market conditions.
Similarly, annual harvest fluctuations can provide relative estimates of the
fisheries biomass fluctuations occurring from year to year.

In Texas, cammercial harvest data are available from the Texas Landings
publications (361-367, 351-358) which report inshore harvests from the various
bays and offshore harvests from the Gulf of Mexico. Since the offshore
harvests represent collective fisheries production from the region's estua~
ries, it is the inshore harvests reported by estuarine area that provide
fisheries data related to a particular estuary. In addition, the shrimp
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fishery is partitioned into shrimp fishing grid zones in the Gulf Coast Shrimp
Data pwlications (368-377, 389-396), which report the quantity and value of
the cammercial catch by species and the effort (number of fishing trips) in
each area of capture at each trawling depth. Although it has been suggested
that penaeid shrimp may not be produced in large numbers in the estuarine
areas south of Nueces estuary (85), Gunter (312) was among the first to show
that the shrimp go south on the Texas coast during the fall and winter,
eventually drifting into Mexican waters, with some returning north the
following spring and summer as the seasonal regime of the Gulf's thermal
gradient geographically expands and contracts over the annual cycle. Harvest
data from the inshore (bay) and offshore {(Gulf) areas may therefore be useful
in analyzing the relationships between seasonal freshwater inflows and the
region's penaeid shrimp stocks.

Commercial inshore landings of several important fisheries camponents are
tabulated for fishing areas in Baffin bay and upper Laguna Madre (Table 8-1),
and those in the central and lower Laguna Madre, including South Bay (Table
8-2). In addition, the commercial harvests and fishing effort for penaeid
shrimp are tabulated for the inshore areas of upper Laguna Madre and the
offshore area (Gulf Area No. 21, an area extending approximately 30 miles
offshore and bounded by latitudes 26°N, 27°N, longitude 96°30'W, and Padre
Island) associated with lower Laguna Madre (Table 8-3). By using harvest data
after the 1950's, data inconsistencies with earlier years and problems of
rapidly increasing harvest effort as the commercial fisheries developed in
Texas are avoided. For example, landings data for the penaeid shrimp fishery
are better than for most of the fisheries camponents because of the high
demand for this seafood. Nevertheless, landings data from the turn of the
century to the late 1940's are incamplete and report only the white shrimp
harvest. Exploitation of the brown shrimp began in 1947 with night trawling
in offshore waters and rapidly increased throughout the 1950's; however,
separation of the two species in the fisheries statistics was not begun until
after 1957. 'Therefore, since reporting procedures were not fully standardized
until the late 1950's, and since earlier harvest records are inconsistent, the
shrimp analysis utilizes the more reliable records available from 1959 to
1976. This 18-year interval includes both wet and dry climate cycles and is
sufficient in length to identify positive and negative fisheries responses to
seasonal inflow, as well as quantify the seasonal freshwater inflow needs of
the fisheries camponents. Analysis of the inshore landings of fish, crabs and
oysters covers the 15-year interval from 1962 to 1976 because the State's
statistical data collection program for these marine products was not improved
until the early 1960's, and complete field coverage was not available until
the mid-1960's (265).

The finfish camponent of the fisheries harvest is specific for the
cambined harvests of croaker (mostly Micropogonias undulatus Linnaeus), black
drun (Pogonias cromis Linnaeus), red drum or redfish (Sciaenops ocellatus
Linnaeus), flounders (Paralichthys spp.; mostly P. lethostigma Jordan and
Gilbert), sea catfish (Arius felis Linnaeus), spotted seatrout (Cynoscion
nebulosus Cuvier), and sheepshead (Archosargus probatocephalus Walbaum).
Similarly, the shellfish camponent refers to the blue crab (Callinectes
sapidus Rathbun)}, American oyster (Crassostrea virginica Gmelin), white shrimp
(Penaeus setiferus Linnaeus), and brown and pink shrimp (Penaeus aztecus Ives
and P. ducorarum Burkenroad; mostly P. aztecus). Other fisheries canponents
are given as a single species or species group of interest.

Freshwater inflow to the estuary is discussed in Chapter IV and is tabu-
lated here on the basis of three analytical categories: (1) freshwater inflow
to Baffin Bay and upper Laguna Madre (Table 8-4), (2) freshwater inflow to
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Table 8-1. Commercial Fisheries Harvests in Baffin Bay and Upper Laguna Madre a/, 1962-1976 (361—367, 351-358)

Cormercial Fisheries Harvests (thousands of pounds)

: : white : Brown & Pink Blue : : Spotted : Red : Black
Year : Sheilfish b/ : Shrimp : Shr imp : Crab : Finfish ¢/ : Seatrout  : Drum : Drum
1962 11.3 11.3 - - 462.9. . 121.0 152.0 181.8
1963 - - - - 631.6 123.3 128.2 373.1
1964 2.8 - 2.8 - 540.8 . 134.4 52.8 351.3
1965 . - - .- - 579.9 95,7 70.8 369.4
1966 .- - ' - - 500.3 ’ C70.2 87.2 302.2
1967 - - - - 849.4 215.0 185.3 413.5
1968 200.3 41.3 34.9 ] 124.1 650.6 ’ 227.6 167.6 - 227.3
1969 556.6 1.5 26.6 528.5 721.8 193.4 254.3 254.8
1970 4.7 - - 4.7 980.2 225.8 393.1 336.1
197 0.2 - - 0.2 1,530.0 377.5 545.4 547.9
1972 4.1 - - 4.1 1,073.6 - 272.9 244.3 493.5
1973 449.2 45.5 402.8 1.0 842.4 209.2 238.2 356.3
1974 2.0 - - 2.0 1,326.6 331.5 398.7 498.0
1975 66.6 0.9 56.8 8.9 1,197.7 383.1 416.9 3161
1976 61.1 14.5 45.8 0.8 1,325.3 304.4 321.7 612.2
Mean 4/ ’ 123.5 19,2 95.0 74.9° - B880.9 219.7 243.8 375.2
+ S.E. +59.7 +8.0 +62.0 +58.3 +88.2 +26.0 437.5 +31.0

(N) e/ (1) (6) (6) (9) (15} (15) (15) {15}

a/ area ranks second 1n finfish and seventh In shellfish commercial harvests of the eight major Texas estuarine areas

b/ multi-species fisheries component includes blue crab, and white, brown, and pink shrimp harvests; no bay oyster harvests rerorted

¢/ multi-species fisheries component includes croaker, black drum, red drum, flounder, sea catfish, spotted seatrout, and sheepsheal harvests
d/ Standard error of mean; two standard errors provide approximately 95 percent confidence limits about the mean

e/ N = number of observations {(years) ’
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Table 8-2. Commercial Fisheries Harvests in Central and Lower Laguna Madre a/, 1962-1976 (361-367, 351-358)

Commercial Fisheries Harvests (thousands of pounds)

: o Blue : Bay : : Spotted : Red : Black

Year  : Shellfish b/ : Crab :  Oyster : Finfish ¢/ :  Seatrout : Drum Drum
1962 15.7 - 15.7 1,277.3 185.9 273.8 803.2
1963 16.5 - 16.5 1,130.4 282.7 336.4 503.8
1964 14.2 - 14.2 1,286.6 319.9 231.6 - 673.4
1965 5.6 - 5.6 1,478.8 357.3 250.2 790.8
1966 2.0 - 2.0 1,202.2 428.4 313.8 ©421.5
1967 2.1 - 2.1 782.7 270.1 264.4 210.8
1968 2.6 - 2.6 1,161.7 486.0 417.3 195.3
1969 1.1 - 1.1 965.9 353.0 423.4 144.6
1970 3.0 - 3.0 986.9 233.8 593.6 127.8
1971 3.0 - 3.0 1,370.1 316.5 773.3 226.0
1972 1.2 - 1.2 1,272.1 347.3 594.0 280.5
1973 12.1 11.6 0.5 1,378.8 390.9 695.8 252.4
1974 16.0 12.7 3.3 1,564.9 492.8 668.0 320.0
1975 10.6 3.5 7.1 1,693.5 457.4 828.1 317.5
1976 303.6 299.0 4.6 2,288.6 504.1 729.9 932.6
Mean 27.3 81.7 5.5 1,322.7 361.7 493.2 413.3
+ S.E. d/ +19.8 : +72.5 +1.4 +91.9 +25.2 +54.9 +68.3
(N) &/ (15) . (4) (15) (15} (15) (15) {15)
a/ area ranks first in finfish and eighth in shellfish commercial harvests of the eight major Texas

estuarine areas

b/ multi-species fisheries component includes blue crab and bay oyster harvests; no white, brown, or

"~ pink shrimp harvests reported _

¢/ multi-species fisheries component includes croaker, black drum, red drum, flounder, sea catfish,

T spotted seatrout, and sheepshead harvests '

d/ Standard error of mean; two standard errors provide approximately 95 percent confidence limits about
the mean

e/ N = number of observations (years)
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Table 8-3. Commercial Penaeid Shrimp Harvests in Laguna Madre a/ and Offshore Gulf Area No. 21 b/, 1959-1976 (368-377, 389-396)

white Shrimp ¢/

Brown and Pink Shrimp d/

A1l Penaeid Shrimp &/

Baffin Bay and Gulf Area : Baffin Bay and Gulf Area Baffin Bay ard : Gulf Area
Upper Laguna Madre T No. 21 :  Upper Laguna Madre : No. 21 Upper Laguna Madre : No. 21
Year Harvest f/:Effort g/ :  Harvest Effort : Harvest : Effort : Harvest : Effort Harvest : Effort : Harvest : Effort
1959 - - 20.3  2,730.6 12.7 2.0 §,891.3 3,301.4 12,7 2.0 8,911.9 3,301.4
1960 0.6 2.0 58.4 2,673.9 - - 6,003.8 3,400.7 0.6 2.0 6,062.4 3,400.7
1961 0.1 1.0 180.5 1,B49.3 - - 4,498.1 2,508.9 0.1 1.0 4,680.4 2,508.9
1962 11.3 84.0 61.1 1,063.5 - - 3,084.8 1,870.3 11,3 84.0 3,146.1 1,870.3
1963 - - 9.3 977.1 - - 6,253.3 2,388.9 - - 6,263.0 2,388.9
1964 - - 60.5 931.% 2.8 6.0 3,794.1 1,912.2 2.8 6.0 3,855.0 1,912.2
1965 0.7 2.0 32,5 889.1 - - 5,611.9 2,485.1 0.7 2.0 5,645.9 2,485.1
1966 - - 12.6 1,652.9 - - 7,063.8 2,960.7 - - 7,076.4 2,960.7
1967 - - 212.5 1,763.9 0.2 1.0 15,364.9 4,488.1 0.2 1.0 15,580.2 4,488.1
1968 41.3 280.0 405.5 2,332.6 34.9 200.0 9,874.5 4,402.2 76.2 280.0 10,288.7 4,402.2
1969 1.5 178.0 460.9 3,396.3 26.6 187.0 10,528.4 5,295.6 28.1 187.0 10,990.6 5,285.6
1970 - - 396.3 2,882.9 ~ - 11,715.8 4,021.5 - - 12,112.7 4,021.5
1971 2.5 45.0 275,7  2,562.9 1.6 45,0 6,912.5 3,890.5 4.1 45.0 7,188.3 3,890.5
1972 12.2 125.0 203.3 1,781.,5 1.6 125.0 7,640.6 3,581.9 13.8 125.0 7,849.0 3,581.9
1973 45.4 2,253.0 389.6  3,289.1 402.8  2,253.0 11,260.3 5,671.1 448.2  2,253.0 11,651.8 5,071.1
1974 - - 238.3  1,062.1 - - 8,859.5 3,515.3 .- - 9,098.2 3,515.3
1975 0.9 6.6 122.8  1,173.1 56.8 6.6 10,007.1 2,612 57.7 6.6 10,130.2 2,612.1
1976 4.5 369.0 66.0 1,825.5 56.0 369.0 9,897.8 3,448.2 70.5 369.0 9,970.3 3,448.2
Mean 11.9 304.1 178.1 1,935.4 59.6 319.5 8,181.3  3,3%97.5 51.9 240.3 8,361.2 3,397.5
+ S5.E. h/ #5.0 +198.4 +36.1  +197.0 +38.8  +218.2 +737.0 +237.6 +31.3  +158.0 +757.6 +237.6
T i T (n (18) (18) Ty o) (18) {8y (14) 04 (18) (18)
a/ harvest in upper Laguna Madre areas only; no harvest reported in lower Laguna Madre areas
b/ shrimp fishing grid Area No. 21 directly offshore of lower Laguna Madre
¢/ white shrimp harvest and fishing effort at depths < 20 fathoms
d/ brown and pink shrimp harvest and fishing effort at all depths recorded
e/ white, brown, and pink shrimp harvest and fishing effort at all depths recorded :
£/ whole shrimp harvest weight in thousands of pounds estimated by tail weight X 1.54 (white shrimp), X 1.61 (brown shrimp),
and X '1.60 {pink shrimp)
g/ effort in number of fishing trips by shrimp vessels
h/ Standard error of mean; two standard errors provide approximately 95 percent confidence limits about the mean

i/ N = number of observations {years)



Table 8-4. Seasonal Volumes of Freshwater Inflow Contributed to Baffin Bay

and Upper Laguna Madre, 1959-1976

: - Seasonal Freshwater Inflow (thousands of acre—feet)

Year : Winter Spring : Summer : Autumn :+ Late Fall
: ~ Jan.-March : April-June : July-Aug. : Sept.-Oct. : Nov.-Dec.
1959 7.0 12.0 5.0 8.0 0.0
1960 0.0 5.0 0.0 152.0 220.0
1961 "47.0 2.0 10.0 14.0 a/ 0.0
1962 0.0 4.0 0.0 0.0 — 1.0
1963 0.0 0.0 0.0 0.0 b/ 0.0
1964 0.0 0.0 0.0 0.0 " 0.0
1965 2.0 37.0 0.0 6.0 0.0
1966 0.0 114.0 0.0 0.0 0.0
1967 0.0 0.0 2.0 815.0 ¢/ 1.0
- 1968 1.0 79.0 15.0 1.0 0.0
1969 1.0 1.0 3.0 1.0 1.0
1970 0.0 39.0 28.0 4/ 7.0 0.0
1971 0.0 0.0 27.0 418.0 e/ 2.0
1972 65.0 73.0 12.0 3.0 0.0
1973 0.0 105.0 3.0 450.0 £/ 0.0
1974 32.0 10.0 5.0 1.0 0.0
1975 2.0 51.0 10.0 34.0 0.0
1976 0.0 84.0 182.0 70.0 30.0
Mean 8.7 34.2 16.9 110.0 14,2
+ S.E. g/ +4.5 +9.5 +9.9 +52.8 +12.2
a/ Hurrilcane Carla, Sept. 8-14; near Port Lavaca
b/ Hurricane Cindy, Sept. 16-20; near Port Arthur
¢/ Hurricane Beulah, Sept. 18-23; near Brownsville

Hurricane Celia, Aug. 3-5; near Port Aransas
Hurricane Fern, Sept. 9-13; near Port Aransas

f/ Hurricane Delia, Sept. 4-7; near Galveston

Standard error of mean; two standard errors provide approximately
95 percent confidence limits about the mean
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lower Laguna Madre (Table 8-5), and (3) combined freshwater inflow to the
Laguna Madre estuary from all contributing river and coastal drainage basins
(Table 8-6). Each inflow category is thus specified by its hlstorlcal record
of seasonal 1nflow volumes.

The effects of freshwater inflow on an estuary and its fisheries produc-
tion involve intricate and imperfectly understood physical, chemical, and .
biological pathways. Moreover, a complete hypothesis does not yet exist fram
which an accurate structual model can be constructed that represents the full
spectrum of natural relationships. As a result, an alternative analytical
procedure must be used which provides a functional model; that is, a procedure
which permits estimation of harvest as a unique function of inflow. In this
case, the aim is a mathematical description of relations among the variables
as historically observed. Statistical regression procedures are most cammon
and generally involve empirically fitting curves by a mathematical least
squares criterion to an observed set of data, such as inflow and harvest
records. Although functional model relationships do not necessarily have
unambiguous, biologically interpretable meaning, they are useful when they
adequately describe the relations among natural phenamena. Even after suffi-
cient scientific knowledge is acquired to construct a preferable structural
model, it may not actually be a markedly better predictor than a functional
model. ‘Thus, scientists often employ functicnal models to describe natural
phenomena while recognizing that the relational eguations may not or do not
represent the true and as yet unclear workings of nature.

A time-series analysis of the fisheries components fram the Laguna Madre
estuary was performed utilizing the University of California biomedical (BMD)
computer program for the stepwise multiple regression procedure (20). This
statistical procedure computes a sequence of multiple linear regression
equations in a stepwise manner. At each step, the next: variable which makes
the greatest reduction in the sum of sguares error term is added to the
equation. Consequently, the best significant eguation is developed as the
equation of highest multiple correlation coefficient (r), greatest statistical
significance (F value), and lowest error sum of squares. A typical form of
the harvest regression equation can be given as follows: :

t t-b t

H =a  +a, Q1,t-b1+"'+anQn, N

+E +e

where as is the intercept harvest value, aj...an are partial regression
coefficients, and e is the normally distributed error term with a mean of
zero. Regression variables used in the fisheries analysis are:

Ht annual inshore harvest of a fisheries camponent in thousands
of pounds at year t;

Et = annual fishing effort of shrimp fishery in number of fishing trips
at time t;

QT,t—b1 = winter season (January-March} mean monthly freshwater inflow in
thousands of acre—feet at year t-bj, where by is a positive
integer (Table 8-7);
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Table 8~5. Seasonal Volumes of Freshwater Inflow Contributed to Lower Laguna
Madre, 1955-1976

i Seasonal Freshwater Inflow (thousands of acre-feet)
Year Winter : Spring :  Summer :  Autumn : Late Fall
: Jan.-March : April-June : July-Aug. : Sept.-Oct. : Nov.-Dec.

1959 78.0 238.0 - 33.0 55.0 45,0
1960 36.0 69.0 83.0 262.0 . 69.0
1961 29.0 119.0 36.0 305.0 a/ 29.0
1962 20.0 - 59.0 33.0 34.0 35.0
1963 36.0 . 50.0 39.0 119.0 b/ 161.0
1964 - 61.0 ‘ 93.0 32,0 - 36,0 27.0
1965 . 42,0 42,0 32.0 52.0 87.0
1966 96.0 349.0 113.0 62.0 30.0
1967 54.0 - 61.0 43.0 1,410.0 ¢/ 149.0

- 1968 133.0 210.0 53.0 95.0 — 29.0
1969 65.0 82.0 - 33.0 53.0 29.0
1970 54.0 - 157.0 38.0 &/ 175.0 33.0
1971 ' 53.0 - | 65.0 29.0 ~ 549.0 e/ 62.0
1972 92.0 240.0 48.0 54,0 . 32.0
1973 200.0 171.0 " 138.0 208.0 £/ 56.0
1974 81.0 94.0 50.0 211.0 — 60.0
1975 75.0 : 93.0 140.0 336.0 46.0
1976 69.0 199.0 387.0 263.0 176.0
Mean 70.8 132.8 75.6 237.8 64.2
+ S.E. g/ +10.0 +20.1 +20.2 +76.2 +11.4

a/ Hurricane Carla, Sept. 8-14; near Port Lavaca

b/ Hurricane Cindy, Sept. 16-20; near Port Arthur

¢/ Hurricane Beulah, Sept. 18-23; near Brownsville

d/ Hurricane Celia, Aug. 3-5; near Port Aransas

e/ Hurricane Fern, Sept. 9-13; near Port Aransas

f/ Hurricane Delia, Sept. 4-7; near Galveston

g/ Standard errcor of mean; two standard errors provide approxlmately
" 95 percent confidence limits about the mean
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Table 8-6. Seasonal Volumes of Combined Freshwater Inflow a/ Contrlbuted to
Laguna Madre Estuary, 1359-1976

Seasonal Freshwater Inflow (thcusands of acre—feét)'

Year : Winter : Spring” : Summer : Autumn . : Late Fall’
" Jan.-March : April-June : July-Aug. : Sept.-Oct. : Nov.-Dec.

1959 85.0 250.0  38.0 63.0 45.0
1960 .. 36.0 74.0 . - 83.0 414.0 1289.0
1961 - 76.0 - 121.0 46.0 ©319.0k/ - 29.0
1962 20.0 - 63.0 33.0 34.0 36.0
1963 0 36.0 . . 50.0 39.0 119.0 ¢/ 161.0
1964 61.0 93.0 35.0 36.0 ' 27.0
1965 44.0 ©79.0 32.0 58.0 © . 87.0
1966 96.0 " 463.0 113.0  62.0 30.0
1967 - 54.0 . .. . 61.0 45.0 2,225.0 ¢/ ~ 150.0
- 1968 134.0 289.0 . 68.0 96,0 29.0
1969 - 66.0 ©83.0  36.0 54.0  30.0
1970 - 54.0 196.0 " 66.0 e/ 182.0 33.0
1971 S 53.0.° . 65.0 56,0 967.0 £/ - 64.0
1972 157.0 ° ©313.0 . 60.0 © 57,07 32.0
1973 200.0 © . 276.0 141.0 659.0 g/ 56.0
1974 113.0 " 104.0 55.0 212.0 © 60.0
1975 77.0 . 144.0 150.0 370.0 6.0
1976 69.0 283.0 - 569.0 333.0 $206.0
Mean - 79.5 167.1 92,5 347.8 78.3
+ S.E. h/ +10.9 | 427.9 429.3 - #125.1 +17.5

a/ Includes flow from all contrlbutlng river and coastal dralnage ’

~ basins (see Chapter IV). :

b/ Hurricane Carla, Sept. 8-14; near Port Lavaca

c/ Hurricane Cindy, Sept. 16~ 20 near Port Arthur

d/ Hurricane Beulah, Sept. 18723; near Brownsville

e/ Hurricane Celia, Aug. 3-5; near Port Aransas

T/ Hurricane Fern,. Sept. ‘9-13; near Port Aransas

g/ Hurricane Delia, Sept. 4-7; near Galveston

h/ Standard error of mean; two standard errors prov1de approx1mately
95 percent confidence limits about the mean
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TT-IT1A

Table é—'l. Pime Sevries Aligmnerits'of Dependent/Independent Data Variates for Fisheries Regression Analysis

e 2 - % Rc % G
Fisheries Component * (Jan.-Mar.) ° (April-June) -~ (July-Aug.) e (Sept.—Oct.) : ~ {Nov.-Dec.)
T -7 : 5.8 ,,058 . : . .
Shellfish a/° N A -0, =0 £~0 B t-1
(Inshore, 1962-_-1976) / (1962-1976) {1962-1976) ( 1962'—19_76) {1962-1976) (1961-1975)
All -Penaeid Shrimp t=0- t-0 _ t-0 - Cot-0 t-1

Whit'e Shrimp (1959-1976) -(1959-1976) {1959-1976) . {1959-1976) . (1958-1975) |
Brown & Pink Shrimp : ' : T _ ..
{Inshore & Offshore,

1959-1976)

Blue Crab - -1 d/ £=1 B o < £-1

Bay -Oyster (1961-1975)  (1961-1975) (1961-1975)  (1961~1975) (1961-1975)
(Inshore, 1962-1976) ' B | -

Finfish b/ - .3 3 3 3 3
Spotted Seatrout L (t-b) T (t-b)y . Z.(t-b) ' L (t-b) Z (t-b)
Red Drum b=1 e/ b=l b=1 i b=1 b=1

Black Drum — 3 I S —3 N E—
{Inshore, 1962-1976)  (1959-1975)  (1959-1975) (1959-1975)  (1959-1975) (1959-1975)

a/ Multi-species component includes blue crab, bay oyster, and white, brown and pink shrimp ‘

E/ Multi-species component includes croaker, black drum, red drum, flounder, sea catflsh snotted seatrout,
and sheepshead

¢/ Inflow same year as harvest

d/ Inflow l-year antecedent to harvest .

e/ Running average inflow from three’ antecedent years™ before harvest



Qz,t—b2 spring season (April-June) mean monthly freshwater inflow in
-thousands of acre-feet at year t-bs, where by is a p051t1ve

1nteger {(Table 8-7};

Q3,t-b3 = summer season (July-August) mean monthly freshwater ianO’V:J in
thousands of acre-feet at year t-b3, where b3 is a positive
integer- (Table 8-7); .

_ Q4,t—b4 = autumn season (September—October) mean monthly freshwater inflow

in thousands of acre-feet at year t-bgq, where b4 is a positive
integer (Table 8-7);

~ Q5,t—b5 = late fall season (November-December) mean monthly fi:eshwater inflow
- in thousands of acre-feet at year t-bsg, where bs is a p051t1ve
integer (Table 8-7}. :

In some cases the fisheries component harvests appear to relate curvilin-—
early to freshwater inflow. Therefore, in order to pemit continued use of
the stepwise multiple linear regression procedure it is necessary to transform
the data wvariates to linearity.- WNatural log (1ln) transformation of both
dependent and independent variables improves the linear fit of the curves and
the double log transformed regression equation is rewritten as follows:
1ln Ht = aj + ay {1n QT,t—b1) + .. F ag (1n Qn,t—bn) + 1n Et +:e

where the variables .are the same as defined above.

In practice, the time series for the dependent harvest variable (H) is
the aforementioned inclusive period 1962 through 1976 for the fish, crab and
oyster components, and 1959 through 1976 for the shrimp fishery c¢omponents.
These intervals provide 15 and 18 annual harvest observations, respectively.
For the multiple regression analyses, the -independent variables (e.g.,
Q1...05) contain a number of observations equal to their associated depen—
dent harvest variable; however, the time series is not necessarily concamitant
with that of harvest and varys because of consideration of species life
history aspects involved in the analysis of each different fisheries com-
ponent. Depending upon the specific fisheries camponent being analyzed, the
time factor (t-b) of the independent variables can be the same year as harvest
(t-0), one-year antecederit to harvest (t-1), or a running average of three
antecedent years before harvest

3
pEq (t-by = 3f .

Thus, the data alignment between dependent/independent variates in the
fisheries analysis is appropriately chosen to take into account the probable
lagged effect, in time, of freshwater inflow upon production and subseauent
harvest of a particular fisheries component (Table 8-7). This is a standard
procedure since it has been long recognized that envirommental factors affec—
ting growth and survival of the young in critical developmental periods can
show their effect some time later when the affected age-class matures and
enters the commercially exploited adult population (76, 158). Early articu-
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lation of this idea was put forth by the Norwegian fishery scientist Johan
Hjort in 1914 (108) and it is now generally known as "Hjort's critical period
concept." This suggests that the ultimate population effect of freshwater
" inflow is somewhat delayed and -can be potentlally observed in the -annual
harvest fluctuations of a fisheries' component. :

A major caveat to regression analysis is that significant correlation of
the variables does not, by itself, establish cause and effect (195). Based on
the equations alone, definite statements about the true ecological relation-
ships among-the variables cannot be made because of the inherent non—causal
nature of statistical regression and correlation (76, 194). However, the
hypothesis that freshwater inflow is a primary factor influencing the estuary
and its production of estuarinerdependent fisheries is well-founded and
reasonable considering the substantial volume of previous scientific research
demonstrating inflow effects on nutrient cycling, salinity gradients, and the
metabolic stresses and areal distributions of estuarine organisms.

Fisheries Analysis Results

Shellfish

Analysis of the multi-species shellfish fisheries component results in
only one significant regression equation (Table 8-8). Statistical information
given for each regression equation includes: (1)} level of statistical signifi-
cance { @ value); (2) multiple coefficient of determination (r2 value}; (3)
"gtandard error of the estimate for the dependent variable, inshore harvest;
{4) standard error of the regression coefficient associated with each indepen—
dent variable, seasonal freshwater inflow; and {(5) upper bounds, lower bounds,
and means of the variables entering the equation. The shellfish equation
explains about 90 percent of the o¢bserved harvest variation in lower Laguna
Madre and is very highly significant ( « = 0.1%) for correlation of the
harvests to winter (Qq1) and summer (Q3) season freshwater inflow to lower
Laguna Madre (FINLL).

The estimated effect of a correlating seasonal inflow on harvest is
camputed by holding all other correlating seasonal inflows in the best signi-
ficant equation constant at their respective mean values, while varying the
seasonal inflow of interest from its lower to upper observed bounds. Repeat-—
ing this process for each correlating seasonal inflow in the equation and
plotting the results permits illustration of the effects- of individual
seasonal inflows on the estimate of harvest from lower Laguna Madre (Figure
8-1). For example, Panel A of Figure 8-1 shows the estimate of annual harvest
declining to zero as inflow during the January-March (Q1) seasonal interval
increases from its observed lower bounds of 6.7 thousand acre-feet.per month
to its observed upper bounds- of 66.7 thousand acre-feet per month. Thus, the
negative ({(~) sign on the regression coefficient (aj1) for the correlating
Q1 inflow term 1is illustrated as a line of negative slope relating increas—
ing winter season inflow to a decreasing estimate of annual shellfish harvest.
It is noted that this line can be shifted upward or downward in a parallel
manner from that which has been graphed by holding the other correlating
seasonal inflow (i.e., Q3) in the equation at specified levels of interest
other than its observed mean value. For instance, if the positively correla-
ting July-August (Q3) inflow is specified at some level higher than its mean
of 40.3 thousand acre-feet per month, then the estimated harvest response to
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Table 8-8. Equations of Statistical Significance Relating the Shellfish
Fisheries Component to Freshwater Inflow Categories a/

o el Mep M cm iE B o R A e e um m M E o m = = am e ik = R e e A S i A T M L W A 4 e e o MR A e W W R LR e e e e e ol ek o e ok

Upper Laguna Madfe Shellfish Harvest = f (seasonal FINUL b/)
(no significant equation)

Lower Laguna Madre Shellfish Harvest = f (seasonal FINLL_S/) :
Very Highly Significant Equation (o= 0.1%, r? = 90%, S.E, Est. = + 25.9)

Hop = = 1.00 = 1.45 (Qq) + 1.61 (Q3)
(0.49) (0.15)
oe S %
upper bounds 3036 66,7 195.5
lower bounds 1.1 6.7 14.5
mean 27.3 25,1 40.3

Laguna Madre Estuary Shellfish Harvest = f (seasonal FINCiy d/)
(no significant equation)

g S T R L R L

where:
Hsf = inshore commercial shellfish harvest, in thousands of pounds;
Q = mean monthly freshwater inflow, in thousands of acre-feet;
Q1 = January-March Q4 = Septeamnber-October
Q, = April-June Q. = November-December
2 _ 5
Q3 = July-August

&/ Standard error of each coefficient is shown in parentheses beneath the
coefficients of the regression equations

b/ FINUL = freshwater inflow to Upper Laguna Madre
¢/ FINLL = freshwater inflow to Lower Laguna Madre
d/ FINC)p = combined freshwater inflow to Laguna Madre. Estuary from

all contributing river amd coastal drainage basins
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January-March {(Q1) inflow would be very similar to that shown in Panel A
(Figure 8-1) and would have the identical negative slope; however, the
camputed line would be shifted upward and parallel to that which is graphed.
Analogous circumstances exist for each of the harvest responses illustrated,
but to facilitate camparisons only the seasonal inflow of interest in each
panel graph is varied, while all others in the best significant equations are
held constant at their respective mean values.

Panel B (Figure 8-1) exhibits the positive response of the inshore shell-
fish harvest of lower Laguna Madre to summer season freshwater inflows. The
estimate of harvest increases to 274.1 thousand pounds annually as the July-
August (Q3) inflow increases from its lower observed bounds of 14.5 thousand
acre-feet per month to its upper observed bounds of 195.5 thousand acre—feet
per month.

Considered together, Panels A and B in Figure 8-1 illustrate a strorg
negative harvest response to winter (Q1) inflow and a strong positive
response to summer (Q3) inflow, over the observed ranges of these seasonal
inflows to lower Laguna Madre. Based on the statistical regression model
described by the harvest equation, maximization of the lower Laguna Madre
shellfish harvest (mostly oysters and crabs) can be achieved by decreasing
winter inflow and increasing summer inflow to the estuary.

All Penaeid Shrimp

Analysis of the fisheries camponent for all penaeid shrimp (i.e., white,
brown and pink shrimp) vields two very highly significant equations (Table
8-9). 'he offshore harvest equation (second equation, Table 8-9) estimates
the largest shrimp harvest and involves transfommation of the regression
variables to natural logarithms. It accounts for 80 percent of the observed
variation in Gulf Area No. 21 (offshore lower Laguna Madre) shrimp harvest and
is very highly significant (o= 0.1%) for correlation of the natural log (1n)
transformed harvests to natural log transformed fishing efforts (Egy) and
winter {(Qq) and autunn (Q4) freshwater inflows to lower Laguna Madre
(FINLL).

The effect of each correlating term in the harvest equation is again
illustrated by using the previously discussed procedure of holding all other
correlating variables in the equation constant at their respective mean
values, while increasing the variable of interest over its observed range and
computing the estimated harvest response. Results are plotted in nomn-
transformed wnits to show the curvilinear effects of each correlating variable
on the offshore shrimp harvest (Figure 8-2). As might be anticipated, the
estimate of harvest increases 2.2 times its minimum value (from about 5.0 to
11.3 million pounds annually} as offshore effort (Ey) increases from its
observed lower bounds of about 1.9 thousand annual vessel fishing trips to its
observed upper bounds of almost 5.3 thousand annual vessel fishing trips
(Panel A, Figure 8-2). This increasing harvest trend with higher fishing
effort would only ‘exist to the point of over fishing, which may be near
present levels. In contrast to the previous analysis of the shellfish
camponent, increasing winter (Qq) inflow over its cbserved range results in
a 64 percent increase (from about 6.1 to 10.0 million pounds annually) in the
offshore shrimp harvest (Panel B, Figure 8-2). The shrimp harvest estimate
also increases 53 percent (from about.6.6 to 10.1 million pounds "annually) in

VIII-16



Table 8-9. Equations of Statisﬁical Significance Relating the All Penaeid
" Shrimp Fisheries Component to Freshwater Inflow Categories a/

" Upper Laguna Madre All Shrimp Harvest = £ (Ej + seasonal FINUL b/)
Very Highly Significant Equation (o= 0.1%, r2= 99%, S.E. Est. = + 14.4)

H s 0.28 + 0.17 (Ei) - 2.13 (Q1) + 1.69 (Qz) - 0.43 (Q3) + 0.31 (QS)

a
(0.01) (0.85) (0.58) (0.21) (0.19)
Has E; Q Q, Q3 Qs
upper bounds 448.2 2,253.0 21.7 35.0 91.0 110.0
lower bounds 0.1 1.0 0.0 0.0 0.0 0.0
mean {n = 14) 51,9 240.3 3.0 "10.8 9.7 8.5

Laguna Madre Offshore All Shrimp Harvest = £ (Eg + seasonal FINLL c/}
Very Highly Significant Natural Log Equation (o= 0.1%, r2= 80%, S.E. Est.

+ 0.2079)
1n OHaS = 1.5464 + 0.7758 (1n EO) + 0.2155 (1n Ql) + 0.1142 {1n Q4)
(0.2351) (0.1210) (0.0558)
In OHaS 1In Eo 1n Q4 1n Q1
upper bounds 9.6538 8.5746 6.5582 4.1997
lower bounds 8.0539 7.5339 2.8332 1.8971
mean {(n = 18) 8.9539 8.0874 4,2282 3.0169
where:
Hyg = inshore commercial penaeid shrimp harvest, in thousands of pounds;
In OH__= natural log, offshore (Gulf Area No. 21) commercial penaeid shrimp
as :
harvest, in thousands of pounds;
Ei = inshore harvest effort, in number of fishing trips;
in EO = natural log, offshore (Gulf Area No. 21) harvest effort, in number
of fishing trips;
Q = mean monthly freshwater inflow, in thousands of acre—feet;
In Q@ = natural log of Q:

Q1
Q,
Qs

January-March
April-June
July-August

Q4
Qg

= September—October
November-December

Standard error of each regression coefficient is shown 1n parentheses
beneath the coefficients of the regression equations

FINUL
FINLL

ol
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response to increasing autumn (Q4) inflow over its observed range (Panel C,
Figure 8-2). Maximization of the offshore penaeid shrimp harvests in Gulf
Area No. 21 is therefore statistically related to high fishing effort and
increased volumes of freshwater inflow to lower Laguna Madre during winter
(January-March) and autumn (September—October).

White Shrimp

Analysis of the white shrimp fisheries component also results in two
significant harvest equations (Table 8-10). The offshore harvest equation
(second equation, Table 8-~10) estimates the larger harvest of white shrimp,
explains 70 percent of the annual harvest variation, and is highly significant
{a= 0.5%) for the correlation of harvest to offshore fishing effort (Eg)
and winter (Qq), summer (Q3), and late fall (Qs5) freshwater inflows to
lower Laguna Madre (FINLL). The estimate of harvest increases 4.9 times its
minimum value (from about 71.6 to 347.3 thousand pounds annually) as fishing
effort increases over its observed range (Panel A, Figure 8-3). A positive
response of white shrimp harvest to winter (Q1) inflow results in harvest
increasing 192 percent {from about 121.2 to 353.4 thousand pounds annually) as
the seasonal inflow increases to its cbserved upper bounds of 66.7 thousand
acre~feet per month (Panel B, Figure 8-3). White shrimp harvest responds
negatively to high summer (Q3) and late fall (Qs) freshwater inflows and
declines severely as these seasonal inflows are increased over their respec—
tive observed ranges (Panels C and D, Figure 8-3). Consequently, maximization
of the offshore white shrimp harvest in Gulf Area No. 21 1is statistically
related to high fishing effort, increased winter (January-March) inflow, and
reduced seasonal inflow in late fall {November-December) to lower Laguna
Madre.

Brown and Pink Shrimp

Analysis of the brown and pink shrimp fisherieg canponent yields two very
highly significant { @ = 0.1%) harvest equations (Table 8-11). The offshore
harvest equation (second equation, Table 8-11) accounts for the larger shrimp
harvest, involves natural log (1ln) transformation of the wvariables, and
explains 78 percent of the harvest variation as a function of offshore fishing
effort (Ey) and winter (Q7) and autumn (Q4) season inflows to lower
Laguna Madre (FINLL). The typically strong positive relationship of fishing
effort results in the harvest estimate increasing 2.2 times its minimum value
(from about 5.0 to 10.1 million pounds annually} as the number of £fishing
trips into Gulf Area No. 21 by shrimp vessels is increased over its observed
range (Panel A, Figure 8-4). Similar to the previous offshore shrimp
analyses, brown and pink shrimp harvest increases 66 percent (from about 5.9
to 9.8 million pounds annually) in response to increased winter (Q1) inflow
(Panel B, Figure 8-4). In addition, the estimate of harvest also increases 54
percent in response to increasing autunn (Qq1) inflow over its observed range
(Panel ¢, Figure 8-4). Therefore, maximization of the offshore brown and- pink
shrimp harvest is also statistically related to high fishing effort ‘and
increased winter (January-March) and autumn (September-October) season inflows
to lower Laguna Madre.
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Table 8-10. Egquations of Statlstlcal Significance Relating the White Shrlmp
Fisheries Component to Freshwater Inflow Categories a/

Upper Laguna Madre Shrimp Harvest = £ (Ej + seasonal FINUL b/)
Very Highly Significant Natural Log Equation ( a= 0.1%, r? = 88%, S.E. Est. =
+ 0.7640)

InH, =~ 1.5168 + 0.6394 (1n E;) + 0.2415°(1n Q,) . ]
(0.1010) (0.1223) ‘
In H In E; In 0,
upper bounds 3.8155 7.7200 3.5553
lower bounds -2.3026 0.0000 -2.3026
mean (n = 11) 1.1985 3.7080 1.4261

Laguna Madre Offshore White Shrimp Harvest = f (Eg + seasonal FINLL c/)
Highly Significant Bquation (o= 0.5%, r? = 70%, S.E. Est. = + 95.2)

OH = - 27.26 + 0.1 (EO) + 3.87 (Q1) - 1.14 (Q3) - 1.13 (QS)

(0.03) o (1.87) (0.56) {0.41)
Ost EB Q1 Q3 QS
upper bounds 460.9 3,396.3 66.7 193.5 262.0
lower bounds 9.3 889.1 6.7 14.5 13.5
mean (n = 18) 178.1 1,935.4 23.6 37.8 41.8
where:
In H__ = natural log, inshore commercial white shrimp harvest, in
as
thousands of pounds;
OHws = offshore (Gulf Area No. 21, depth < 20 fathoms) cammercial white
shrimp harvest, in thousands of pounds;
In E, = natural log, inshore harvest effort, in number of fishing trips;
E_ = offshore (Gulf Area No. 21, depth < 20 fathoms) fishing effort,
in number of fishing trips;
Q = mean monthly freshwater 1nflow, in thousands of acre-feet;
In Q = natural. log of Q:
Q1 = January-March Q4 = September—October
Q2 = April-June Q5 = November-December

Q3 = July-August

a/ Standard error of each regression coefficient is shown in parentheses
beneath the coefficients of the regression eguations

b/ FINUL = freshwater inflow to Upper Laguna Madre

¢/ FINLL = freshwater inflow to Lower Laguna Madre
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Table 8-11. Egquations of Statistical Significance Relating the Brown and Pink
Shrimp Fisheries Component to Freshwater Inflow Categories a/

Upper Laguna Madre Brown and Pink Shrimp Harvest = f (Ej + seasonal FINUL b/)
Very Highly Significant Equation (o= 0.1%, r? = 98%, S.E. Est. = + 21.4)

H, = 7.03 % 0.17 (E.) - 1.16 (Q)
bps (0.01) *  (t1.06)
prs Ei Q
upper bounds ~ 402.8 2,253.0  21.7
lower bounds 0.2 1.0 0.0
mean (n = 10) 59.6 319.5 2.5

Laguna Madre Offshore Brown and Pink Shrimp Harvest = £ (Es + seasonal FINLL ¢/)
Very Highly Significant Natural Log Equation (o= 0.1%, r?2 = 78%, S.E. Est. =
+ 0.2151)

In Oprs = 1.7612 + 0.7436 (1n EO) + 0.2212 (1n Q1) + 0.1160 (1n Q4)
' (0.2432) (0.1252) (0.0577)
in Oprs In EO In Q.I In Q4
upper bounds 9.6398 8.5746 4,1997 6.5582
lower bounds 8.0342 7.5339 1.8971 2.8332
mean (n = 18) 8.9331 7 8.0874 3.0169 4,2282
where:
Hb = inshore commercial brown and pink shrimp harvest, in thousands
PS  of pounds;

In CH = natural log, offshore (Gulf Area No. 21) brown and pink shrimp
PS harvest, in thousands of pounds;

Ei = inshore harvest effort, in number of fishing trips;

1n E_ = natural log, offshore (Gulf Area No. 21) harvest effort, in
(o} o X
number of fishing trips;
Q = mean monthly freshwater inflow, in thousands of acre—feet;
In Q = natural log of Q:

Q, = January-March Q, = September-October
Q, = April-June Q5 = November-December
Q3 = July-August

a/ Standard error of each regression coefficient is shown in parentheses
beneath the coefficients of the regression equations

b/ FINUL = freshwater inflow to Upper Laguna Madre

¢/ FINLL = freshwater inflow to Lower Laguna Madre
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Blue Crab

No statistically significant equations were obtained fram analys:.s of the
blue crab fisheries camponent.

Bay Oyster

Analysis of the bay oyster harvest in lower Laguna Madre results in a
significant regression equation (Table 8-12). The harvest equation accounts
for only 49 percent of the harvest variation and is significant (o = 2.5%) for
correlation of natural log (ln) transformed oyster harvests to one-year ante-
cedent, natural log transformed, winter (Q1) and sumer (Q3) season fresh-
water inflows to lower Laguna Madre (FINLL). In contrast to the positive
responses of the offshore penaeid shrimp harvests to winter {(Q1) inflow, the
estimate of. oyster harvest declines 98% (from about 21.6 thousand pounds to
500 pounds annually) as winter inflow is increased over its observed range
(Panel A, Figure B8-5). A positive relationship to sumer (Q3) inflow
increases the oyster harvest estimate from about 2.1 to 9.4 thousand pounds
annually (Panel B, Figure 8-5). As a result, maximization of the oyster
harvest is statistically related to decreasing winter (January-March) inflow
and increasing summer (July-August) inflow to lower Laguna Madre. However,
this inflow regime appears to conflict with the seasonal needs of penaeid
shrimp, and to a lesser extent with the needs of such finfish as the redfish
and spotted seatrout.

|
Finfish '
Analysis of the multi-species finfish component of the cammercial fish-
eries landings in Laguna Madre estuary gives a significant equation for each
of the three freshwater inflow categories (Table 8~13). The best significant
equation (third equation, Table 8-13) involves logarithmic transformation of
the regression variables, explains 89 percent of the cbserved harvest varia—
tion, and is very highly significant (o = 0.1%) for correlation of the estu
ary's finfish harvests to winter (Q1), spring (Qp), sumer (Q3), and

late fall (Qg) freshwater inflows contributed to the Laguna Madre estuary
from its cambined river and coastal drainage basins (FINCyp) .

The curvilinear harvest responses estimated for each of the correlating
seasonal inflows are camputed and graphed as before. The estimate of finfish
harvest increases 73 percent in response to increasing winter {(January-March)
inflow (Panel A, Figure 8-6). Another positive response to summer (July-
August) inflow increases the harvest estimate 77 percent (Panel C, Figure
8-6). The two negative responses to increasing spring (April-June) and late
fall (November-December) freshwater inflows result in the harvest estimates
declining 53 and 37 percent, respectively (Panels B and D, Figure 8-6).
Therefore, the regression model of finfish harvest described by the best
significant equation indicates that harvest maximization is statistically
related to increasing winter and summer season inflows, while diminishing
spring and late fall season inflows contributed to the cambined Laguna Madre
egstuary. Nevertheless, it should be noted that another finfish harvest
equation which is specific for only the upper Laguna Madre (first équatlon,
Table' 8-13) exhibits positive harvest relationships with both spring and
sunmer freshwater inflows to this area, responses similar to those reported by
Powell (226) for the nearby Nueces estuary finfish harvest. Therefore,
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Table 8-12, Equations of Statistical Significance Relating the Bay Oyster
Fisheries Component to Freshwater Inflow Categories a/

e i n e e R e R B L T W A S b B R Mt e i e e ik e TR ki b L e R A e

Lower Laguna Madre Bay Oyster Harvest = f (seasonal FINLL b/)
Significant Natural Log Equation (o= 2.5%, r 2= 49%, S.E., Est. = + 0.7813)

In H__ = 3.1180 - 1.6071 (1n Qq) + 0.9400 (1n Q3)

bo
(0.4788) (0.5195)
SO SOt NS -
upper bounds 2.8034 4,1997 4,2485
lower bounds -0.6931 1.8971 2.6741
~mean _ 1.2524 3.0284 3.1927
where:
1ln Hy, = natural log, commercial bay oyster harvest, in thousands of
~ pounds;
In Q = natural log, mean monthly freshwater inflow, in thousands of
acre-feet
' QT = January-March Q4 = September-October
02 = April-June Q5 = November-December
QB = July-August - '

_a_l/ .Standard error of each regression coefficient is shown in parentheses
beneath the coefficients of the regression equations
b/ FINLL = freshwater inflow to Lower Laguna Madre
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Table 8-13,. Eguations of Statistical Significance Relating the Finfish
Fisheries Component to Freshwater Inflow Categories a/

v
b im e m m % e m imi s A MR EiE e oum o e e mh = B m o A i o n S i g o = iR tm Wi m ok s e B B e m m v m ok 8w o et

Upper Laguna Madre Finfish Harvest = f (seasonal FINUL b/)
Highly Significant Natural Log Equation (a= 0.5%, r 2= 69%, S.E. Est. =
+ 0.2418)

In Hep = 6.3054 + 0.1091 (1n Q,) + 0.1842 (1n Q4) - 0.0582 (1n Q)

(0.0581) (0.0615) (0.0384)
nflge 0 9 o InQy  InG
upper bounds  7.3330 3.0655 2.4129 3.6064 -
lower bounds 6.1375 -0.8110 =1.0987 '-2.3026
mean o egne o 1.8373 0.7981  -0.9966

-f (seasonal FINLL c/)

Lower Laguna Madre Finfish Harvest <
68%, S.E. Est. = + 236.8)

Significant Equation (o = 2.5%, r?

([T

H.. = 1535,02 + 18,98 (QT) - 19.70 (QZ);+ 16.82 (Q3)

£f , " .
{10.73) {6.05),, (9.13).
- 9.52 (Qg) . o
{7.39)
I T D SN T
upper bounds 2,7886 414 68.9 54,7 45.8
lower bounds . 782.7 9.4 20.6 16.7 15.2
mean 1,322.7 23.6 42.6 27.1 29.2

A T i i i il k| L e A " T R d i A —

Laguna Madre Estuary Finfish Harvest = f (seasonal FINCiy 4/)
Very Highly Significant Natural Log Equation (o= 0,1%, rZ = 89%, S.E. Est. =
+ 0.0990)

In Hee = 8.0730 + 0.3950 (1n Q,) - 0.5478 (1n Q,) + 0.4822 (1n Q;)

(0.1504) (0.1072) ©(0.1775)

f

- 0.3372 (1n Q5)

(0.0812)
(0 fg InQy  nQy AnQy AnQg
upper bounds 8.1925 3.9555 "4,5035 4,0547 4.1026
lower bounds 7.3976 2.5649 3.1307 2.8717 2.7300
mean 7.6668  3.1974 = 3.8884 = 3.3762 __3.4608

—E A MM E P M M E M W B m e S R R e WM M AR w M m M W R e = o ko mem b ELE mim B om E A kS MM kA e 4 oMo e AE s momrmow e
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Table 8-13.

.
i

Equatlons of Statlstlcal Slgnlflcance Relatlng the, Flnflsh
Fisheries Component to Freshwater Inflow Categorles a/
f{cont'd.) .

f
————— A = Wk - --.m_u--........--4¢~--a~~q--r--.~--on e A k mm a  m  ————

where:
Hee
In Hff
Q
InQ

1}

inshore commercial finfish harvest, in thousands of pounds}

= natural log of Hff;
= mean monthly freshwater inflow, in thousands of acre-feet;
= natural log of Q:
Q, = January-March ‘Qq = September-October
Q2'=1Apri1-June ‘ Q5 = -November-December
Q3 = July-August

i k- dn vk kv Wb b e i m i e B S B ke B vk m A =y e e el e W T SRR S E m B ml e m AN e Y .

Standard error of each regression coefficient 'is shown in parentheses

beneath
FINUL
FINLL
FINClm

i

the cocefficients of the regression equations

freshwater inflow to Upper Laguna Madre

freshwater inflow to Lower Laguna Madre

combined freshwater inflow to Laguna Madre Estuary from all
contributing river and coastal drainage basins
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finfish in upper Laguna Madre appear to have seasonal inflow needs similar to
those in the Nueces estuary, while the lower Laguna Madre finfish needs are
unique and probably differ in some seasons {e.g., late fall and winter)
because of the area's more southerly location in the sub-tropical zone and
consequent warmer temperatures.

Spotted Seatrout

Analysis of the spotted seatrout fisheries component also yields a signi-
ficant regression equation for each of the three freshwater inflow categories
(Table 8-14). The best significant equation (third equation, Table 8-14)
accounts for 73 percent of the observed harvest variation and is highly signi-
ficant (o= 0.5%) for correlation of the estuary's cammercial spotted seatrout
harvests to winter (Q1), sumer (Q3), and late fall (Qs) freshwater
inflows .contributed to the Laguna Madre estuary from its combined river and
coastal drainage basins (FINCip).

The harvest response to winter (January-March} is again positive with a
36 percent increase in the annual harvest estimate as the seasonal inflow
increases to its upper observed bounds (Panel A, Figure 8-7). Ancther posi-
tive response to summer (July-August) inflow results in the harvest estimate
increasing 37 percent (Panel B, Figure 8-7). The estimate of harvest also:
declines 31 percent in response to increasing late fall (November-December)
freshwater inflow (Panel C, Figure 8-7). For the three correlating inflows,
harvest responses are similar to those found with the general finfish compo-
nent and indicate that maximization of the estuary's spotted seatrout harvest
is related to increasing winter and summer inflows, and decreasing late fall
freshwater inflows to the Laguna Madre estuary.

Red Drum

Analysis of the red drum fisheries camponent additionally results in
three significant regression equations (Table 8-15). The best significant
equation (second equation, Table 8-15) involves logarithmic (1ln) transfor—
mation of the variables, explains 90 percent of the observed harvest varia-
tion, and is very highly significant { a= 0.1%) for correlation of the lower
Laguna Madre redfish harvests to the seasonal inflows (Q1 through Qs) of
lower Laguna Madre (FINLL).

Curvilinear harvest responses are similar to those of the finfish and
spotted seatrout fisheries components, exhibiting a strong positive response
to winter (January-March)} inflow (Panel A, Figure 8-8), a negative response to
spring (April-June) inflow {Panel B, Figure 8-8), a weak negative response to
summer (July-August) inflow (Panel C, Figure 8-8), another positive response
to autum (September—October} inflow (Panel D, Figure 8-8), and a strong
negative response to late fall (November-December) inflow (Panel E, Figure
8-8). The greatest changes in the lower Laguna Madre red drum harvest occurr-
ed as the estimate increased 4.3 times its minimum value in response to
increasing winter inflow (Panel A) and declined 55 percent and 53 percent,
respectively, as late fall inflow (Panel E) and spring inflow (Panel B) were
increased over their observed ranges (Figure 8-8). The equational harvest
model indicates that maximization of . red drum production is related to
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Table 83T4;'quuation of StatiStica1ASignificaﬁce_Relating the Spotted
" Seatrout Fisheries Component to Freshwater Inflow Categories a/

e i B A e e L e e W e = 8 e s e e R e ek sk sk e A e S m e o  m m mm e r o —

Upper Laguna Madre Spotted Seatrout Harvest = f (seasonal FINUL b/)
Very Highly Significant Natural Loq Equation (a= 0, 1%, rz-— 69%, S.E. Est. =
+ 0. 3087}

In H__ = 4.6950 + 0,2401 (1n Qy) + 0.1790 (1n Q3)

88
(0.0650) (0.0750)
: InH " 1n QZ‘ o In Q4
upper bounds T5.974T 7 TTTTTTTT3.0655 T T T T 204129
lower bounds 4.2513 -0.8110 - -1.0987 -
mean . 5.2792 . 1.8379 .0. 7981

e e e o e ettt ot ko P ot rm e e o e

Lower Laguna Madre Spotted Seatrout Harvest = f (seasonal FINLL c/)
Significant Equation (a = 5.0%, r2= 27%. S.E. Est. = + 86. 4)

) és =232.43 +4.77 (Q3) _ 1"»' o

(2.16). A ,'4 , )
- R T B
upper bounds © = 504.1 - - 547
lower bounds 185.9 16.7
mean , 361.7 27.1

A o e R i o A g o i b op—

Laguna Madre Estuary Spotted Seatrout Harvest = f (seasonal FINCim d/)
Highly Significant BEquation (9= 0.5%, r2?= 73%, S.E. Est. = + 96.6)

HSS = 462,64 + 4.73 (Q1) + 4.77‘(Q3) - 4,52 (Q5)
{4.52) (4.70) (2.23)
s B85
upper bounds 850.5 52.2 57.7 60.5
lower bounds 306.9 13.0 17.7 15.3
mean 581.4 - 26.8 30.8 _34.2

§ - ——— ek okl - i A 3 e o R o o e

—— e b B s el =k m w m h  AEe  e mR H E l  l W A R A W e B e b wd W ) m e =

VIII-31



Table 8-14,

where:

88

1In Hss

1n Q

.BEquation of Statistical Significance.Relating the Spotted

i

li

Seatrout Fisheries-Component to Freshwater Inflow Categories a/
(Conc.].:_t_'_'_z. e m % e Ak e R et e e A e e i W . = A e o A .
. . - " X " . ' i . ]
inshore commercial spotted seatrout harvest, in thousands of
pounds; :

natural log of Hsg; .

mean monthly freshwater inflow, in thousands of acre-feet;
natural log of Q:

Q4 = January-March - Q4 Séptember%Jctober

Q2 = April-June . . Q5 = November-December
Qy = July-August ‘

e i m m s e 8 Bl v e L o R T T R e A A8 o o o e R <l e A

Standard error of each regression coefficient is shown in parentheses
beneath the coefficients of the regression equations- :

FINUL
FINLL

FINClm

It on

freshwater inflow to Upper Laguna Madre

freshwater inflow to Lower Laguna Madre

combined freshwater inflow to Laguna Madre Estuary from all
contributing river and coastal drainage basins
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Table 8-15. Equations of Statistical Significance Relating the Red Drum ‘
Fisheries Component to Freshwater Inflow Categories a/

e s m m m R B R i e Ak a B R M e ey e B AR et imadm er o TR M W 4 m e 8 8 m ik A A W e W e M W R W e

Upper Laguna Madre Red Drum Harvest = f (seasonal FINUL b/)
Very Highly Significant Natural Log Equation (o= 0.1%, r?2 = 83%, S.E. Est. =
+ 0,3108)

1In Hy = 4.4424 + 0.3527 (1n QZ) + 0.2625 (1n Q3)

(0.0654) {0.0755)

- iy o 9 G
upper bounds 6.3075 3.0655 38739
lower bounds 3.9665 -0.8110 -1.0987

mean 5.3000 1.8379 0.7981

. et 8 o i o . okt 1 e 1 il b + 38 g o it

Lower Laguna Madre Red Drum Harvest = f (seasonal FINLL c¢/)
Very Highly Significant Natural Log Equation (o = 0.1%, r2= 90%, S.E. Est, =
+ 0,1793)

‘1n H 4 = 7.3810 + 0.9799 (1n Q) - 0.6277 (1n Q,) - 0.2231 (ln Q)
(0.1616) (0.2226) (0.1882)
+ 0.2498 (1n Q) - 0.7127 (1n Q)
(0.0751) (0.1776)
Mg N9 AnQy  AnQy  InQy  InQs
upper bounds 6.7191 37344 4.7375 4.0013 5.5652 3.8250
lower bounds  5.4450 2.2454 3.0231 2.8134 3.2189 2.7191
mean 6.1069 _ 3.0615 3.6924  3.2363  4.5522  3.3274

Laguna Madre Estuary Red Drum Harvest = £ (seasonal FINC)p d/)
Very Highly Significant Natural Log Equation (o= 0.1%, r2= 85%, S.E. Est. =
+ 0.2219)

In H_4 = 6.0829 + 0.5235 (In Q;) + 0.1662 (In Q,) - 0.6000 (In Q)

(0.2027) {0.0814) {0.1914)
Py M9 9 NG
upper bounds 7. 1844 "73.9555 5.9844 41026
lower bounds  5.6504 2.5649. 3.2581 2.7300
mean 6.4884 3.1974 4.8628 _3.4608

o e v o | k- o e o st 1 e ek Tk B el okl ek At s+ ke D i

et ot mem A m M E Y 4 am m o m m emimE W S m m m mmAE T F m m e S B M e e e B N W m v e R MR m M N RELm e @l e e W ke
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Table 8-~15. Equations of Statistical Significance Relating the Red Drum
Fisheries Component to Freshwater Inflow Categories a/
(con'd.)

e . m = ko e = A i M A m A Mo A W o R W A m e W E o me rm W A S ey (M T A e M e A Y

where:

{ 1n Hrd natural log, inshore commercial red drum harvest, in thousands

of pounds;
1In Q = natural log, mean monthly freshwater inflow, in thousands of
. acre—~feet:
QT = January-March Q4 = September-October
Q2 = April—-June Q5 = November-December
Q3 = July-August

e = e mm e v ek g g b e e dm o b b e ke o m b dp b ek o o ik e B 8 A e e R R L Ve s e o L g

a/ Standard error of each regression coefficient is shown in parentheses
beneath the coefficients of the regression equations

b/ FINUL = freshwater inflow to Upper Laguna Madre
¢/ FINLL = freshwater inflow to Lower Laguna Madre
a/ FINC, = combined freshwater inflow to Laguna Madre Estuary from all

contributing river and coastal drainage basins

VIII-35



&30 330

~
]
]
1

788

@
@
a
:

$§0

=

w

5]
1

204

350+

-~

o

o
L

480

4104 4o+

Commercial Red Drum Harvest {1000 {bs)
H B
H 3
i :

Commercial Red Drum Harvest (1080 Ibs)

340

2704 2704

] ; I'l ;! 2’! SYS “2_ llﬂ 5" 5‘, 70 " 0 ;’ ITI Z'I‘ zll 3‘5 "2 4" 5“ "] 70
Msan Monthiy infloaw (1000 ac~ft) JAN-MAR Mean Monthly Inflow (1800 ac—{t) APR—JUN
A. regression coefficient = +0.9799, standard error = +0.1616 B. ragression coefficient =~-0.6277, standard error =10.2226

330 230

760~ 760

o

&

@
1

&R0
€20+

6204

5504

Cormmercial Red Drum Harvast (1006 Ibs)
& ]
2 g
L T

Commerciai Red Drum Harvest (3000 lbs)

480

*
3
1

410

“

=

=
.

340

270+ 270

y T T Y T 201 T T T T r v .

; Ao i p2-3 48 ;S &3 70 0 S[O (14 90 120 150 180 0 210 1 300
Mean Menihly Infiow (1000 ac—ft) JUL—AUG Mear Menthly Inflow (1000 ac—ft) SEP-OCT

C. ragression coefficient =-0.2231, standard error = 10,1882 D, ragression coelficient = +0. 2498 |, standard error = +0.075]
00

— —_—
35 4“2

LEL

o ~
- o
o ]
L i

"

»

=
f

s
*x >
3 a
r )

Commarclal Red Drum Harvest {1600 Ibs)
g 2
& 2
: !

Figure 8-8. Lower Laguna Madre Estuary

+70 Commaercial Red Drum Harvest as a Function of

Each Seasonal Infiow from Contributing River

T e h h & o and Coastal Drainage Basins, Where all Other
Mean Monthiy lnflow {1000 ae—1{t) NOV-DEC Seasonal Inflows in the Natural Log Multiple

E. regression coefficiant =—0.7127, standard error = +0.1776 HBQI’OSSiOH Equation are Held Constant

at their Mean Values.

VIII-36



increased winter and autumn inflows, with diminished seasonal inflows to lower
Laguna Madre during spring, summer and late fall.

Black Drum

Only two significant regression equations are obtained from analysis of
the black drum fisheries component (Table 8-16). The best significant
equation (second equation, Table 8-16) accounts for 82 percent of the harvest
variation and is very highly significant ( o= 0.1%) for correlation of black
drum harvests to spring {(Q3z)}, summer {Q3), and autum - (Q4) freshwater
inflows contributed to the Laguna Madre estuary fram its combined river and
coastal drainage basins (FINCjp).

The seasonal inflow information is again similar to the previously
discussed finfish, spotted seatrout, and red drum fisheries components,
especially with regard to spring and summer inflows, but there are important
- species differences. The black drum harvest responses are strongly negative
to spring ({April-June) inflow (Panel A, Figure 8-9}, strongly positive to
summer (July-August) inflow (Panel B, Figure 8-9), and also negative to autumn
(September-October) inflow (Panel C, Figure 8-9). it is noted that the
estimate of harvest declines 74 percent as spring inflow increases (Panel A),
and increases 3.7 times the minimum harvest estimate as summer inflow
increases (Panel B). Maximization of black drum harvest is therefore statis-
tically related to increased summer inflow and decreased spring and autumn
season inflows to the Laguna Madre estuary.

Fisheries Component Summary

The fisheries analysis involves 10 fisheries components and three fresh-
water inflow source categories in the analytical design, allowing a maximum 30
potentially significant eguations. The analysis results in 19 regression
equations of statistical significance. Although' each inflow category can
potentially produce 10 significant equations, the analysis vyields six
equations with freshwater inflow to upper Laguna Madre (FINUL), nine equations
with freshwater inflow to lower Laguna Madre (FINLL), and four equations with
combined freshwater inflows tO the Laguna Madre estuary fram all contributing
river and coastal drainage basins (FINCypy).

Seasonal inflow needs are similar for fisheries camponents when the signs
(positive or negative) on the regression coefficients in the harvest equations
are the same for a season of interest (Table 8-17). Therefore, the seasonal
inflow needs of the fisheries camponents can reinforce each other. However,
where seasonal inflow needs are of opposite signs, the fisheries components
become competitive in terms of inflow management. Altogether, these results
support the hypothesis that seasonal freshwater inflow has a significant
impact on the estuary's fisheries, and by ecoclogical implication, on the
"health" of the ecosystem.
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Table 8-16. Equations of Statistical Significance Relating the Black Drum
Fisheries Component to Freshwater Inflow Categories a/.

Upper Laguna Madre Black Drum Harvest = f (seasonal FINUL b/)
(no significant equation) »

Lower Laguna Madre Black Drum Harvest = f ('seasonal FINLL c/)
Significant Equation (o = 2.5%, r2 = 64%, S.E. Est. = + 187.0)

Hoy = 624.45 — 12.04 (@) = 9.15 (Q,) + 21.06 (Q3) — 0.90 (Q,).

(8.40) (4.95) (7.15) (0.69) |
| Hg Q Q Q3 Q4
upper bounds 932.6  471.4 8.9 52,7 261.2
lower bounds  127.8 9.4 20.6 16.7 25.0
mean 413.3  23.6 42.6 27.1  120.0

Laguna Madre Estuary Black Drum Harvest = £ (seasonal FINCyy &/)
Very Highly Significant Equation (o= 0.1%, r 2= 82%, S.E. Est. = + 145.5)

Hbd = 775.96 - 13.11 (Q2) + 28.21 (Q3) - 0.87 (Q4)

{2.64) (4.91) {0.34)
g 2 Q3
upper bounds | 1,544.8 90.3 57.7 397.2
lower bounds 399.4 22.9 17.7 26.0
mean 788.5 . 53.4 30.8 181.0
where:
Hbd = inshore commercial black drum harvest, in thousands of rounds;
Q = mean monthly freshwater inflow, in thousands of acre-feet:
: Qy = January-March Q4 = September—October
Q2 = April=June Q5 = November-December
Q3 = July-August

3/ Standard error of each regression coefficient is shown in parentheses
berieath the coefficients of the regression equations

b/ FINUL = freshwater inflow to Upper Laguna Madre
¢/ FINLL = freshwater inflow to Lower Laguna Madre
d/ FINC, == combined freshwater inflow to Laguna Madre Estuary from all

contributing river and coastal drainage basins
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Table 8-17. Positive (+) and Negative {-) Correlation of Fisheries Components to Seasonal
Freshwater Inflow Categories
- Winter Spring Surmer Autumn Late Fall : Explained : Sionificance
Fisheries Inflow Inflow : Inflow : Inflow Inflow : Variation : Level
Component Q, : Qs : Qq : Qy : Qg - | P2 a
: (Jan.-Mar.) : (April-June)} : (July-Aug.) (Sept.—Oct.) (Nov.-Dec.) : (%) (%)
Shellfish
FI
FI - + 90 0.1
FINC] &/ -
All Shrimp
FINUL - + - + 99 4/ 0.1
FINLL + + 80 ¢/ 0.1
wWhite Shrimp
FINUL + 88 d/ 0.1
FINLL + - - 70.e/ 0.5
FINC]pm
Brown and Pink
Shrimp : :
FINUL - 98 g/ 0.1
FINLL + + 78 e/ 0.1
FINC]q -
Bay Oyster
FINUL
FINLL - + 49 2.5
FINCyp,

{(Continued)
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Table 8-17. (Cont inued)
Finfish
FINUL + + - 69 0.5
FINLL + - + - 68 2.5
FINC1q + - + = 89 0.1
‘Spotted
Seatrout
FINUL + + 69 0.1
FINLL - + 27 5.0
Red Drum
FINUL + + 83 0.1
FINLL + - - + - a0 0.1
FINC1m + + - 85 0.1
Black Drum
FINUL .
FINLL - - + - 64 . 2.5
FINCim - + - 82 0.1
Summary:
FINLL {(+) =0 (+) =5 {(+) = (+) = {(+) =1
(-) =2 (=) =0 (=)} = (=} = (=) =1
FINLL (+) = 5 (+) = 0 (+) = (+) = (+) =0
(=) =3 (=) =3 (=) = (=) = (=) =3
FINCip (+) = 3 (+) =0 (+) = (+) = (¥t} =0
| (-) =0 (=) =2 = (-) = (-) =3

a/ Freshwater inflow to
b/ Freshwater inflow to
¢/ Combined freshwater inflow to Laguan Madre estuary from all contributing river

upper Laguna Madre
lower Laguna Madre

d/ Equation includes inshore fishing effort term (+ Ej)
e/ Equation includes offshore fishing effort term (+ Ey)

and coastal drainage basins



Freshwater Inflow Effects

Introduction

The hydrologic importance of both tidal inlets and freshwater inflow for
ecological preservation of estuaries has been recognized (138, 274). Many
scientists have pointed to the deleterious effects of reduction and/or altera-
tion of an estuary's freshwater inflow regime (30, 177, 146, 143, 179),
especially since the diminution of freshwater inflow to an estuary can de~
crease nutrient cycling in contiguous wetlands and may also result in unfavor-
able bay salinity conditions. Consequently, the addition of supplemental
freshwater inflow for purposes of ecological maintenance and maximization of
seafood production has been recammended for the Gulf estuaries of Texas (138,
328), Mississippi and Louisiana (59).

Perhaps the most direct and most apparent effects of freshwater inflow
occur as a result of .changes associated with estuarine salinity conditions.
In addition, the concentration of salts can interact with other envirommental
factors to stimulate species-specific biotic responses (7), which may be
reflected in physiological adaptation to the estuarine enviromment (123, 122,
401, 402), in species distribution patterns and cammunity diversity (92, 81,
87, 67, 94, 27, 128), and ultimately in species evolution (120). Previous
research emphasizing Texas estuarine-dependent species has dealt with several
aspects of the inflow/salinity -relationship including envirommental limits
(314), tolerance to hypersaline waters (86, 101, 11), and rapid recovery of
typical estuarine community species at the end of a severe drought (111). In
addition, salinity changes resulting from man's development of an estuary and
its contributing river and coastal drainage basins have been reviewed relevant
to effects on many of the common estuarine-dependent species (90, 342), and
their diseases and symbionts (180).

While plants provide an estuary's primary production, most secondary
production comes from the invertebrate bay fauna. For the invertebrates,
inflow/salinity effects have a demonstrated physiological basis (12, 336, 124,
132, 334} and are effective at modifying species distribution (281, 297, 181).
The brackish water clam (Rangia cuneata) has been suggested as an indicator of
ecological effects associated with salinity changes because of its sensitivity
(216); however, the focus of invertebrate management is generally on the
economically- important mollusc (e.g., oyster) and crustacean (e.g., shrimp and
crab) members of the invertebrate group (147).

Shrimp

_ - The Gulf of Mexico shrimp fishery is the most valuable fishery in the

United States (73} and the Gulf estuaries play a crucial role in the produc-
tion of this renewable resource (75, 129). Commercial shrimp species are from
the crustacean family Penaeidae. White shrimp {Penaeus setiferus Linnaeus,
©1767) and brown shrimp (P. aztecus Ives, 1891) predaminate in Texas harvests,
although the pink shrimp (P. duorarum Burkenroad, 1939) also occurs in small
popul ations. Synopses of species life history and biological information are
available for the white shrimp (137), brown shrimp (29), pink shrimp (36}, and
other gpecies in the genus Penaeus. (386). - Information especially important
for management of this fishery resource cames from research on shrimp spawning
and early larval stages (346, 303, 323, 384), seasonal migration behavior
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(339, 32, 257), utilization of estuarine nursery habitats (81), and major
envirommental factors influencing species population dynamice and production
{218, 95, 152, 15%, 38, 142). Species-specific responses to inflow/salinity
conditions in the estuary are fundamentally physiological (8, 18, 223, 220,
131, 344), and therefore directly influence not only growth and survival of
the postlarval shrimp (415, 413, 414, 400), but the distribution of the bay
shrimp populations as well (309, 93, 285).

Results of the fisheries analyses and development of eguational harvest
models for the all penaeid shrimp, white shrimp, and brown and pink shrimp
components strongly support the importance of freshwater inflow to shrimp
production. In addition, the analyses provide guantified information on the
responses of commercial harvests from inshore areas of upper Laguna Madre
(includes Baffin Bay), and commercial harvests offshore of lower Laguna Madre,
to the seasonal fluctuations of the associated freshwater inflows (i.e., FINUL
and FINLL inflow categories). Equational harvest models indicate notable
seasonal dichotomies among the species, and also within the same species over
inshore versus offshore harvest areas. For example, although inshore brown
and pink shrimp from upper Laguna Madre show a strong negative harvest
response to winter (January-March) inflow, inshore white shrimp from the same
area exhibit only a strong positive response to spring (April-June) inflow
(see Table 8-17). These seasonal differences between the two shrimp fishery
camponents can be associated with the earlier reproduction (i.e., late winter
spawnina) of adult brown shrimp and migration of the young produced into
inshore "nursery" areas at this time. By comparison, the same life history
events occur for the white shrimp later in the spring. The brown shrimp's
sensitivity to concomitant low temperature .and low salinity is revealed by
its negative harvest response to high winter inflow. Since upper Laguna Madre
is adjacent and directly connected to the Nueces estuary, the similarities of
these inshore shrimp harvest responses to those reported for the Nueces
estuary (226) are not unexpected. However, inshore-offshore differences -
between harvest responses of the same species are often more puzzling. For
instance, the previously discussed negative inshore harvest response of brown
and pink shrimp to upper Laguna Madre winter inflow is contrasted with the
positive offshore harvest response of the same fisheries component to lower
Laguna Madre winter inflow. Here again, the solution may involve temperature,
but in the context of the region's geography. This explanation arises because
the lower Laguna Madre's warmer, more sub~tropical location on the South Texas
coast may allow the productive benefits of winter freshwater inflows to be
realized by the penaeid shrimp stocks without the high probability of stress-
ful or even lethal conditions that can result from the simultanecus low
salinities and low winter temperatures typical of more northerly estuarine
areas, This interpretation is supported by the finding that penaeid shrimp
harvests directly offshore of the Trinity-San Jacinto estuary in the north-
western Gulf of Mexico are negatively related to high winter inflows to the
estuary (227). In general, it is noted that the large penaeid shrimp harvests
offshore of the lower Laguna Madre are positively related to most seasonal
inflows (FINLL categorv), significantly to winter and autumn inflows. The
exceptions are the negative responses to late fall inflow, which were signifi-
cant only for the white shrimp, and also the white shrimp's negative harvest
response to summer inflow.
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Blue Crab

Another major crustacean fishery species is the estuarine—dependent blue
crab (Callinectes sapidus Rathbun, 1896}. Previous research has described
blue crab taxonony (244, 282), life history (348, 243), migration behavior
{290, 112, 257}, and responses to envirommental factors such as salinity (202,
37, 219, 130) and storm water runoff (135). The Laguna Madre blue crab
harvest data were not consistent and produced an incomplete time-series record
over the 1962-1376 interval; therefore, the seasonal importance of freshwater
inflow to the species could not be statistically demonstrated by the fisheries
analysis. Nevertheless, the harvests appeared to be positively related to
sumer inflow and negatively related to cool season (i.e., late fall and
winter) inflows. ‘

" Ba ster

The American oyster (Crassostrea virginica Gmelin) is a molluscan shell-
fish species that has been harvested from Texas bay waters virtually since the
aboriginal Indians arrived many thousands of years ago, and it continues today
as the only estuarine bivalve (a type of mollusc) of current caommercial
interest in the State. Because of man's historical interest in greater
development and utilization of this fishery resource (e.g., raft farming,
artificial reef formation, etc.), scientific information is available on the
oyster's general ecology and life history (378, 405), as well as geographic
variation of its populations (204}. The effects of inflow/salinity are
important to the oyster reef and have stimulated considerable research cover—
ing a wide range of subjects, including effects on oyster distribution (305,
150, 51), gametogenesis (development of viable eggs and sperm) and spawning
(347, 19, 141, 196), eggs and larvae (9, 47, 379, 383, 104), respiration (315,
399),  free amino—acids which are protein building blocks (154), and the
effects on oyster reef growth and mortality (83, 295), reef diseases (222,
180}, and abundance of faunal associates (83, 407).

Previous studies have described the Texas oyster fishery (261) and the
State's major oyster producing areas (387, 265). The only oyster reefs irnwen-
toried in the Laguna Madre estuary are in the lower portion of the estuary
(359). Classified "polluted areas" are closed by the Texas Department of
‘Health under authority of Section 76.202, Parks and Wildlife Code, until such
time as sampling indicates a return of healthy estuarine conditions. Current-
ly, the areas closed in lower Laguna Madre include virtually all shoreline
areas near Port Isabel and South Padre Island, as well as subdivision channels
and harbor areas. Commercial oyster harvests were only made in lower Laguna
Madre. The results of the fisheries analysis indicates that these oyster
harvests are negatively related to winter inflow and positively related to
summer inflow. ,

Finfish

Estuaries play a vital functional role in the life cycle and production
of most coastal fish species (345, 118, 145, 249, 113). Environmental sensi-
tivity of the estuarine-dependent fishes has allowed the use of species diver-
sity indices as indicators of pollution (292). Although migration does occur
across the boundary between riverine and estuarine habitats by both freshwater
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and estuarine-dependent marine fishes (175, 193), there is a predominance of
young marine fishes Found in this low salinity area (84).

In general, seascnal variations in estuarine fish abundance are related
to life history and migrational behavior (91, 318, 317, 114, 290, 112, 257,
200, 264, 283, 423). The primary effects of inflow/salinity are physiolcogical
(110, 115, 134), and are particularly important for the survival of the early
life stages (109), the metabolism (i.e., metabolic stresses) of adult bay
populations (308, 313, 320, 277, 404), and juvenile rates of adaptability
(278, 279). Low temperature extremes can also interact physiologically with
salinity stress to produce dramatic fish mortality (78, 79, 82).

Results of the fisheries analysis for the multi-species finfish camponent
indicate unifowmly positive harvest responses to winter and summer inflows to
Laguna Madre, and consistently negative responses to late fall inflows to the
estuary. Although finfish harvests are positively related to spring inflow to
upper Laguna Madre, similar to responses found in the adjacent Nueces estuary
(226), finfish respond to lower Laguna Madre inflow in the same season with an
opposite negative harvest reaction. It is of interest to note that the Laguna
Madre estuary, especially the lower portion, is the first ranked finfish
production area on the Texas coast.

Spotted Seatrout

One of the most characteristic fish families of the bays, estuaries and
neritic coastal waters between Chesapeake Bay and the Amazon River is the
modern bony-fish (teleost) family Sciaenidae (345, 221, 113). The sciaenid
genus Cynoscion contains four species in the Western Atlantic and Gulf of
Mexico (three in Texas waters) with the most valued fishery species, the
spotted seatrout (Cynoscion nebulosus Cuvier), also recognized as the most
divergent of the four seatrout species (382). The greater restriction and
estuarine-dependence of this species are reflected in its nearly exclusive
utilization of estuarine habitats (74, 214, 68) and the increased genetic
differences between populations in separate bays (406). Previous research has
described spotted seatrout life history and seascnal abundance in Texas waters
(349, 318, 239, 240, 317, 114, 112, 257), and the effects of inflow/salinity
on metaboligm {i.e., metabolic stresses) as salt concentration varies from an
optimum condition of about 20 ppt salinity (276, 277, 306, 404, 278, 279).

Harvest responses to seascnal Laguna Madre inflows are similar to those
obtained in the analysis of the multi-species finfish camponent. Thus,
spotted seatrout harvests are positively related to winter and summer inflows,
and negatively related to late fall inflow. Again, only the harvests in upper
Laguna Madre are positively related to spring inflow, which is in concert with
the spotted seatrout responses to spring inflows in the adjacent Coastal Bend
area of Nueces estuary (226).

Red Drum

Another important sciaenid species is the red drum or redfish (Sciaenops
ocellata Linnaeus). Prior studies have reported on the general biology, food
{prey) items, and seasonal distribution of the red drum (349, 318, 239, 240,
419, 420, 319, 317, 114, 412, 112, 257, 113). 1In addition, the effects of
inflow/salinity on the metabolism (i.e., metabolic stresses) of the species
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have been investigated as salt concentration varies fram an optimum of about
25 ppt salinity (277, 404, 278, 279). Similar to results from the finfish and
spotted seatrout fisheries components, analysis of the red drum camponent also
shows positive harvest responses to winter inflow and negative responses to
late fall inflow. However, red drum harvests exhibit a negative response to
lower Laguna Madre summer {July-August) inflows that is wnique among the
fishes analyzed, and is shared only by the white schrimp's offshore harvest
response. In addition, red drum harvests are positively related to inflows
during the tropical storm daminated autumn season (September—October), a time
of increased reproductive activity for the species.

Black Drum

The black drum (Pogonias cromis Linnaeus) 1is also a sciaenid species of
cammercial and recreational interest. The general biology and life history
. of the black drum, including behavioral migrations and seasonal distributions,
have been reported previously (318, 113, 257, 349, 319, 317, 345). In aidi-
tion, the effects of inflow/salinity on the metabolism (i.e., metabolic
stresses}) of this broadly tolerant (euryhaline) species have been investigated
as salt concentrations varies from an optimun of about 20-25 ppt salinity
(277, 404). The seasonal importance of freshwater inflow to black drum
harvests in the Laguna Madre estuary is similar to that found in the aijacent
Nueces estuary where harvests were negatively related to winter and autumn
inflows, and positively related to summer inflow (226). However, in the
Laguna Madre, especially the lower portion, black drum harvests are also
negatively related to spring inflow.

Harvest Response to Long and Short Term Inflow

The inshore fisheries analysis (except shrimp camponents) spans the 1962
through 1976 short-term interval where more caomplete and conpatible fisheries
harvest data exist. The penaeid shrimp fishery (inshore and offshore) analy-
sis is slightly expanded to include the 1959 through 1975 data interval.
However, long-term inflow data are available for the estuary from 1941 to
1976, inclusively (see Chapter IV). Average {arithmetic and geometric mean)
inflow conditions can be computed, and a frequency analysis (i.e., Log—Pearson
Type III) of the long-term data can yield information about the exceedance
frequencies of seasonal inflows to the estuary, including the frequency
(percent) at which short-term average inflows were exceeded in the long—term
record (Table 8-18). Short-term inflow exceedance frequencies for the three
freshwater inflow categories (i.e., FINUL, FINLL, and FINC)py) vary both
above and below the median level of 50 percent exceedance frequency, but only
about four percent of the seasonal inflows are equal to or exceed this level.
Since lower exceedance frequencies indicate higher inflow, the short-term data

bases are indicated as generally "wetter" than the long-term temporal median
inflows.

N
Although the central seasonal tendencies of the short-term record are
given as average (arithmetic and geometric mean) inflow conditions, the long-
term central tendencies are expressed by both average inflow conditions and
the 50 percent frequency inflows which reflect the temporal median inflows to
the estuary from the freshwater source categories (98), When short—-term and
long-term average inflow corditions, as well as the long—term 50 percent
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Table 8-18. Comparison of Short-Term and Long-Term Seasonal Inflow Volumes, Including Inflow Exceedance Frequencies

: " Short-Term Méan Seasonal Inflow &/~

With Long-Term Exceedance Frequencies

" Tong-Term Seasmonal [nflaw b/

Freshwater : D1 : 02 : D3
Inflows Category : ’ : : :  Arithmetic : Gecmetric : 0% EF : 50% EF  :  90% EF
and Season : Inflow (EF%) o/ : Inflow {EF%) o Inflew (EF%) : Mean : Mean : Inflow ;o Infiom o Inflow
: L e :__ Inflow o Inflow oo Lo e
FINUL &/ .
2 {Jan.-March) 6.9 (50) 8.7 (46) 2.7 {64) 15 2 29 n 0
07 (April-June) 39.8 (32} 34,2 (36) 18.8 149) 31 7 104 ) ]
Q3 {July-Aug.) 19.3 (2B) 16.9 (30) 4.4 (42) 18 4 40 2 0
Q4 (Sept.-Oct.) 120.4 (19) 110.0 (21) 34.3 (41) 75 9 200 2 0
Q5 (Nov.-Dec.) 0.3 (38) 13.3 (9 _0.7 (28) 7 2 10 . 0
Total 1867 1837 60.9 1 Z 383 6 G
FINLL e/
Q1 {(Jan.-March) 15.4 (31 61.3 (40} 70.9 (33) 79 57 143 36 24
Q2 (April-June) 13%.0 (33) 110.5 (43) 127.8 (35) 129 104 227 103 43
Q3 (July-Aug.) 80.5 (17 55.1 (32) 54.2 (33) 57 43 106 42 18
Q4 (Sept.—Oct.) 243.9 (22} 137.2 {39) 239.9 (22) 206 108 443 106 27
Qg (Nov.-Dec.) 57.7 (30) _55.3 (32) _ 58.4 (30) _ 62 _43 Sz 4z 17
i Total 5885 4194 5512 529 135 7,031 349 3§
Q1 (Jan.-March) 82.3 (31) 68.5 (38} 73.4 (35} 94 63 172 51 24
Q2 (April-June) 170.8 {29} 132.7 (41) 146.5 (36} 156 122 298 120 31
Q3 (July-Aug.) 99,9 (19} 64.6 (36) 58.5% (40) 75 52 147 31 19
Q4 (Sept.—Oct.) 364.3 {19) 165.5 (41) 258.8 (28) 281 132 530 136 28
Q5 (Nov.-Dec.) 58.0 (34) 60.3 (32) 63.7 (30) 69 46 120 15 : 17
Total N TN TE06Y T 675 qi5° 1,37 o7 TigT

Di = inflow from November 1961 to October 1976 used in analysis of shellfish
Dy = inflow from November 1938 to October 1976, natural log transformed except FINUL category, and used in analvsis >f oenaeid shrimp
Dy = 3~year running average inflow from January 1959 to December 1975, natural log transformed except FINLL catagors, and :322 1o analysis

of finfish
b/ Selected exceedance frequencies (Log-Pearson Type III) and their respective seasonal inflow volumes, in thousands of acre-fest, from the long-temm
T historical record (1941-1976)
¢/ Long-term exceedance frequencies, in percent, of the short-term mean seasonal inflows
d/ Freshwater inflow to upper Laguna Madre
e/ Freshwater inflow to lower Laguna Madre :
£/ Combined freshwater to Laguna Madre estuary from all contributing river and coastal drainage basins



frequency inflow conditions, are used separately as input to the previously
developed fisheries regression equations, predicted harvest responses can be
computed for comparison (Table 8-19}. It is noted that substitution irwolves
using arithmetic mean seasonal inflows as input to the linear eguations and
gecmetric mean seasonal inflows as input to the natural log (1n) eguations.

There are 10 positive and nine negative shifts of the harvest estimates
in response to the long-term average inflows, and eight positive and 11
negative harvest shifts in response to the 50 percent frequency inflows, for a
total of 38 computed harvest responses (18 positive and 20 negative). The
harvest responses are variable among the fisheries camponents and range fram
an estimated +30.6 percent in black drum harvest (FINC1p inflow category)
to an estimated -79.1 percent shift in shellfish harvest (FINLL), when coan—
pared to the fisheries harvest levels resulting from the observed short-term
interval. The results reflect not only differences in inflow quantity, hut
also differences in the seasonal distributions of inflow from the freshwater
source categories. Shellfish equational models (i.e., shellfish, penaeid
shrimp, and bay oyster fisheries components} yield five positive and 11
negative harvest shifts in response to input of the long~term seasonal
inflows. In opposite, equational models for the fishes (i.e., finfish,
spotted seatrout, and red and black drum fisheries camponents) give 13 posi-
tive and nine negative harvest shifts. It is also noted that 61 percent of
the positive harvest shifts are in response to long-term lower Laguna Madre
(FINLL) inflows, while 55 percent of the negative shifts are in response to
long~term upper Laguna Madre (FINUL) inflows. Therefore, the results suggest
that overall there are no net benefits’ associated with fisheries based on the
long-term inflows, especially since increased fish harvests are offset by
decreased shellfish harvests.

While management policies could favor the specific seasonal inflow needs
of preferred fisheries components, it is in reality difficult and in many
cases impossible to maximize the harvests from more than one fisheries compo-
nent at the same time because of competitive seasonal inflow needs among the
species. Nevertheless, management scenarios for inflow can be developed that
predict good harvest levels from several of the fisheries components simul-
taneously (see Chapter IX}.

Summary

Virtually all of the coastal fisheries species in the Gulf of Mexico are
estuarine—dependent. Commercial inshore harvests (1962-1976) fram lower
Laguna Madre rank first in finfish and eighth in shellfish, while upper Laguna
Madre ranks second in finfish and seventh in shellfish harvests of eight major
Texas estuarine areas. In addition, the sport or recreational finfish harvest
is approximately 1.5 times larger than the estuary's cammercial finfish
harvest. For the 1972 through 1976 interval, the average annual sport and
commercial harvest of fish and shellfish dependent upon the Laguna Madre
estuary is estimated at 7.3 million pounds (3.3 million kg; 12 percent shell-
fish}).

Although a large portion of the fisheries production in each Texas
estuary is harvested offshore in collective association with fisheries pro-
duction from other regional estuaries, inshore bay and lagoon harvests can be
useful as relative indicators of the year to year variations in an estuary's
surplus production (i.e., that portion available for harvest). These varia-
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Table 8-19, Estimated Average Harvest Responses from Fisheries Component Equations Using Short-Term Inflow, Long-Term Mean Inflow and Long-Term

S0-Percent Exceedance Frequency Inflow.

6F-IIIA

FINUL, &/ FINLL by FINCIn of
Fisheries ""éﬁdft‘—"fén'ﬁ"":"“""L’ér{g'—‘feﬁﬁ'"“".".""LBdg'—"I‘e’r’rﬁ""”z‘"s'rﬁr:'c'-'l“'éi:'rﬁ""”'"Eo‘rig'—"féﬁﬁ"f’ TR T Shes e T T  Yaag e T T e e T
Component Mean Inflow Mean Inflow : 50% EF Inflow d/ Mean Inflow Hean Inflow 50% EF Inflow Mean Inflow Mean Inflow 50% EF Inflow
T Harvest e/ Y Harvest (shife) £/ T atvese Cshifey T Harvess T Harvest (eHIEE) T Hacwest (shifey T Harvest 7] darvest (shifty =~

Shellfish 27.3 6,7 (-75.%) 5.7 (-79.1)
Bay Oyster 1.5 3.6 {(+2.9) 3.6 {4+ 2.9)
All Shrinp 51.9 g/ 45.2  {(-12.9) 44.%  (~15.0) 7,738.0 b/ 7,410,6 (- 4.2) 7,366.6 (- 4.3)
Brown and

Pink Shrimp 59.6 g/ 35.5 (- 6.9) 61.3 (+ 2.9) 7,578.7 b/  7,251.9 (- 4.3) T,207.9 (- 4.9)
white Shrimp 131g/ 2.9 (12,1 2.8 (-15,2) 178.1 n/ 220,03 {+21.5) 210.2  (+'8.0)
Finfish 827.4 682.3  (-16.9) 675,2 (-17.8) 1,322.7 1,398,1 (+ 5.7) 1,366.4  (+ 3.3) 2,136.2 2,343.8  (+ 9.7 2,330.7 (+ 9.1)
Spotted

Seatrout 196,2 151,8  {~22.6) 129.2 (=34.1) 361.7 684 (+ 1.9) 332.6 (- 8.0), 581.4 633.8  (+ 9.0} 578.7 ( ~0.5)
Red Drum 200.3 137.4  (-31.4) 108.5 {-45.8) 448.9 476.2  (+ 6.1) 479.1 {+ 6.7) 657.5 659.7 (+ 0.3) 655.6 (- 0.3,
E.lackl Drum 413.3 433.7  {+ 4.9) 480.1 (+16.2} 788.5 1,329.9  (+30.6) 9144 (160

“Freghwator inflow to Upper Laguna Madre
b/ Freshwater inflow to Lower Laguna Madre
e/ Average harvest, in thousands of pounds

g/ inshore [Upper Laguna Madre} shrimp harvest
offshore (Gulf Area Mo, 21) shrimp harvest

T/ sSnhift in percent increase (+) or decrease (-) of harvest

c/ Combined freshwater inflow to Laguna Madre Estuary fram atl contributing river and coastal drainage basins
d/ EF = exceedance frequency; 50% EF reflects the temporal median inflow to the estuary



tions are affected by the seasonal quantities and sources of freshwater inflow
to an estuary through ecoclogical interacticns involving salinity, nutrients,
food (prey) production, and habitat availability. The effects of freshwater
inflow on lower Laguna Madre are also reflected in the offshore harvests of
the penaeid shrimp fishery. Therefore, the fisheries species can be viewed as
integrators of their enviromment's conditions and their harvests used as
relative ecological indicators, insofar as they reflect the general productl—
vity and "health” of an estuarine ecosystem. -

A time series analysis of Laguna Madre's commercial inshore (bay and
lagoon) fisheries landings (1962 through 1976) and the commercial penaeid
shrimp harvests {including Offshore Gulf Area No. 21, 1959 through 1976)
produces 19 statistical regression equations that estimate harvest as a
function of seasonal freshwater inflows to the Laguna Madre estuary. These
equational models provide numerical estimates of the effects of variable
seasonal inflows, contributed from the major freshwater sources, on the
commercial harvests of seafood organisms dependent upon the estuary. The
analysis also supports existing scientific information on the seasonal
importance of freshwater inflow to the estuaries.

There are 13 significant harvest relationships to winter (January-March)
inflow obtained from the analysis and eight (62 percent) of these are positive
harvest responses associated with larger winter inflows, especially increased
inflow to lower Laguna Madre. Negative harvest responses to winter inflow
result from the brown and pink shrimp fisheries camponent in upper Laguna
Madre, and lower Laguna Madre's shellfish, bay oyster, and black drum
fisheries components. Positive fisheries harvest responses to upper Laguna
Madre spring (April-June) inflow account for half of the ten significant
harvest relationships to this season's inflow. Eleven (79 percent) of the 14
significant harvest responses to summer (July-August) inflow are positive.
Exceptions include the negative harvest response of penaeid shrimp to upper
Laguna Medre inflow, and the negative harvest responses of white shrimp and
red drum to lower Laguna Madre inflow during this season. Harvest responses
to the tropical stomm dominated autumn (September—-October) season inflows are
negative only for the black drum fisheries component, which is in particular
contrast to the strong positive relationships exhibited by the red drum
component. All of the eight significant harvest responses to late fall
(November-December) inflow are negative, except for the single positive
response ©of inshore penaeid shrimp harvests to this season’s upper Laguna
Madre inflow.

Where the estimated seasonal inflow needs of the fisheries components are
similar, the components reinforce. each other; however, where components are
competitive by exhibiting opposite seasonal inflow needs, a management deci-
sion must be made to balance the divergent needs or to give preference to the
needs of a particular fisheries component. A choice could be made on the
basis of which species' production is more ecologically characteristic and/or
economically important to the estuary. Whatever the decision, a freshwater
infiow management regime can only provide an opportunity for the estuary to be
viable and productive because there are no guarantees for estuarine produc-—
tivity based on inflow alone, since many other biotic and abiotic factors are
capable of influencing this production. These other factors, however, are
largely beyond human control, whereas freshwater inflow can be restricted by
man's activities so that fish and wildlife resources are adversely affected.
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CHAPTER IX

ESTIMATED FRESHWATER
INFLOW NEEDS

Introduction

In previous chapters, the various physical, chemical and biological
factors affecting the Laguna Madre estuary have been discussed. There has
been a clear indication of the importance of the quality and quantity of
freshwater inflows to the maintenance of a viable estuarine ecology. The
purpose in Chapter IX is to integrate the elements previously described into a
methodology for establishing estimates of the freshwater inflow needs for this
estuary, based upon historical data.

Methodology for Estimating Selected Impacts of Freshwater Inflow
Upon Estuarine Productivity

The response of an estuary to freshwater inflow is due to a number of
factors and a variety of interactions. These include changes in salinity due
to mixing of fresh and saline water, fluctuations in biological productivity
arising from variations in nutrient inflows, and many other phenomena.

The methodology presented here incorporates major interacting elements
described in previous chapters (Figure 9-1). The methodology includes the use
of data bases and certain analytical processes described herein. Data for
these analyses include six groups: (1) salinity data for finfish and shell-
fish, (2) commercial fisheries harvest data, (3) hydrologic data of fresh and
saline water, (4) water quality data, (5) aguatic food chain data, and (6)
terrestrial and aguatic, geomorphologic data of the estuary and the surround-
ing coastal area.

In this section data and results of previous sections, including (1)
statistical analysis of relationships among freshwater inflow, commercial
fisheries harvest, and estuarine salinity; (2) estimates of marsh freshwater
inundation needs; (3) estimates of nutrient exchange; and (4) records of
historical freshwater inflow, are used in an Estuarine Mathematical Program-
ming Model to compute estimates of the monthly freshwater inflows needed to
achieve specified objectives. The tidal hydrodynamic and salinity transport
models for Laguna Madre require further development and will not be applied to
compute salinity levels and circulation patterns throughout the estuary for a
set of monthly freshwater inflow needs.

Application of the Methodology to Compute Estimates of
Freshwater Inflow Levels Needed to Meet Selected Objectives

The schematic indicated in Figure 9-1 shows the sequence of steps uti-
lized in computing the freshwater inflow needs to achieve specified objectives
as expressed in terms of salinity, marsh inundation, and productivity. The
six data bases developed for the Laguna Madre estuary provide the fundamental
information of the system. These data were used in previocus sections of these
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analyses. The relationships and results are incorporated into the Estuarine
Mathematical Programming Model. to coampute estimates of effects of various
levels of monthly freshwater inflows upon nearshore salinities, marsh inunda-
tion and fisheries harvests in these estuaries. This model uses an optimiza-
tion technigque to select the optimal or "best" monthly inflows for the
objective - specified. The estimated monthly inflows are then used as data
inputs in the tidal hydrodynamic and salinity transport models to simulate the
effects of the inflows upon circulation and salinity patterns in the entire
estuary. Should the computed salinity conditions in certain critical areas of
these estuaries be unsatisfactorily high or low, then the freshwater inflow
estimates would require appropriate modification. This revision of the
estimates (indicated by the dashed line in Figure 9-1) would necessitate a
revision of the Estuarine Mathematical Programming Model constraints.

The data bases and . analytical. processes utilized in this chapter  have
been described in detail in previous chapters. Only the procedures necessary
to establish salinity bounds, estimate marsh inundation needs, and apply the
Estuarine Programming Model are presented in this chapter.

Salinity Bounds for Fish and Shellfish Species

The effects of salinity on estuarine-dependent fisheries organisms are
fundamentally physiological, and influence growth, survival, distribution, and
ecological relationships (see Chapter VIII). .

Specific information on salinity limits, preferences and/or optima for
selected ficheries and seagrass species hag been tabulated from the gcientific
literature and Texas Department of Water Resources research data (Table 9-1).
Optimum condition for most of the fisheries species lies between 25 percent
and- 75 percent seawater (8.8-26.3 ppt). Young fish and shellfish commonly
utilize’ estuarine "nursery" habitats that are below 50 percent seawater (less
than 17.5 ppt), while most adults seem to prefer salinities higher than 50
percent seawater. Similarly, the Laguna Madre's abundant seagrass species
exhibit optimum growth and vigor at salinities near or exceeding 75 percent
seawater. In general, and within the tolerance limits, it is the season, not
salinity per se, that is more Jmportant to the fisheries species because of
.1life cycle events such as spawning and migration. While the salinity limits
for distribution of the species are ecologically informative, they are often
physiologically too broad. Conditions encouraging good growth and repro-
duction are commonly restricted to a substantially narrower range of salinity
than are simple survival needs.

Data on salinity effects, combined with 1life cycle information, are
utilized to provide seasonal bounds on estuarine salinity within which fish,
shellfish, and the seagrasses can survive, grow, and maintain viable popula-
tions (Table 9-2). Since universal consensus is not evident for precise
saline viability limits, the salinity bounds are established subjectively
based upon the available scientific information (Table 9-1). It is important
to note that these limits are site specific and adjusted to two control points

A
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Table 9-2. Salinity Characteristics of Upper Baffin Bay and Lower Laguna
‘ Madre at the Arroyo Colorado and the Intracoastal Waterway (ICWW)

: Salinity in : Salinity at
Upper Baffin Bay a/ : Arroyo Colorado and ICWW b/
(ppt) ¢ (ppt)

Month : Upper ¢/ : Lower ¢/ : Median d/: Upper ¢/ : Lower ¢/ : Median e/
: Viability : Viability: Historic : Viability : Viability : Historic
; Limit : Limit : Salinity : Limit : Limit : Salinity

January 45 20 33 45 15 a2
February 45 20 35 45 15 - 38
March 45 15 29 45 15 40
April 35 10. 28 35 10 3
May 35 10 28 | 35 10 . 34
June 3.5_ 10 17 35 10 33
July 85 10 14 45 10 37
August 45 10 14 45 10 39
September 35 10 15 35 10 29
October 35 10 13 | 35 10 31
November 40 | 5 .14 40 15 36
December 45 . © 15 24 45 15 37

a/ Represented by sampling site 2 on linesite 82 (Figure 3-10}.

b/ Represented by the sampling site on linesite 217 (Figure 3-10).

¢/ These values estimate the limits of long-temm viable species activity at
control points in the system, and not individual organism survival limits
(Table 9-1}. <

d/ Based on the period 1969 through 1979. Insufficient data was available to
estimate mean monthly salinities in years prior to 1969.

e/ Based on the period 1941 through 1976.
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in the estuary below the "Null Zone"*: {1) in upper Baffin Bay near
Laguna Salado and (2) in lower Laguna Madre near the mouth of the Arroyo
Colorado. The limits are expressed as mean (average) monthly salinities for
general limits of wviability. From both locations, salinities generally
increase towards the Gulf inlets (Brazos Santiago Pass and Aransas Pass) and
eventually attain seawater concentration (35 ppt}. The salinity gradient in
the estuary is thus less distinct during seasonal low inflow ({(e.g., the
summer), increasing steeply during seasons of higher freshwater inflow (e.g.,
the autumn). However, extreme low inflows which persist over several months
can produce hypersaline conditions (salinities greater than seawater) in parts
of the Laguna Madre estuary, a frequent occurrence as noted in Chapter V.
Nevertheless, the estuarine—-dependent species, particularly the finfish, have
successfully adapted to this lagoonal regime of relatively high, stable
salinities, and are today productively associated with local and state
economies.

Although the fisheries species can generally tolerate salinities greater
or less than the monthly specified viability range, foraging for food and
production of body tissue (growth) becomes increasingly more difficult under
extreme salinities, and may eventually cease altogether because body main-
tenance requirements consume an increasing amount of an organiam's available
energy under unfavorable conditions. High mortality and low production are
expected during prolonged extremes of primary envirommental factors such as
salinity and temperature.

Monthly Salinity Conditicns

The salinities within an estuarine system fluctuate with variations in
freshwater inflow. During periods of flood or drought, salinity regimes may
be so altered from normal conditions that motile species cammonly residing in
an estuary may migrate to other areas where the envirommental conditions are
more suitable. Generally, however, the estuarine-dependent species will
remain in the system during normal periodic salinity fluctuations. Should the
normal salinity conditions be altered for prolonged periods due to natural or
man-made causes, the diversity, distribution and productivity of species
within an estuary will be restricted.

The median monthly salinity is a measure of the nowmal monthly salinity
condition at a point in an estuary. The median monthly salinity is that value
for which one-half of the observed average monthly salinities exceed the value
and one-half are less. The median monthly salinity thus reflects an "expec—
ted" salinity in the estuary and represents a numerical value exceeded 50
percent of the time. Median historic salinities have been camputed for the
two control points in upper Baffin Bay and near the mouth of the Arroyo
Colorado (Table 9-2) for which the salinity regression equations were deve-
loped in Chapter V. These median monthly salinities are associated with the

* Null Zone: The general area where the net landward flow creates the
phenomenon of landward and seaward density currents being equal but
opposite in effect. The nullification of net bottom flows in this area
allows suspended materials to accumulate and has also been termed the
entrapment zone, the critical area, the turbidity maxima, the nutrient
trap, and the sediment trap (360, 99).
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1969 through 1979 period for which daily gaged inflow data were available.
The inflows into Laguna Madre are above average for this overall period {see
Figure IV-6), but minor drought conditions also occurred during this time.

Marsh Inundation Needs

The periodic inundation of deltaic marshes serves to maintain shallow
protected habitats for postlarval and juvenile stages of several important
estuarine species, provides a suitable fluid medium for nutrient exchange
processes, and acts as a transport mechanism to move detrital food materials
from the deltaic marsh into the open estuary.  The areal extent of deltaic
marsh inundation is a function of the channel capacity, discharge rate and
volume, wind direction, and tidal stage.

Generally, estuaries on the Texas coast are heavily dependent upon the
cycling of nutrients through adjacent freshwater and brackish marsh systems
. along the periphery of their shorelines. However, the ecology of the Laguna
Madre has been shown to be dominated by macrophytic organisms (i.e., rooted
vascular plants), particularly varieties of seagrasses that proliferate in
both the upper and lower portions of the estuary. Since nutrient transfers
through a riverine delta are not a significant source of nutrients to Laguna
Madre, it is not necessary to consider freshwater inundation of marshes
adjacent to the Laguna Madre in the estimation of freshwater inflow needs.

Estuarine Mathematical Programming Model Description

The combination of specified objectives and envirommental and physical
constraints relating the interactions of freshwater inflows with selected
estuarine indicators is termed the Estuarine Mathematical Programming Model,
The model relates the,K conditions of the estuary, in terms of a sgpecified
criteria, to the set of relevant variables, including monthly inflows fram the
contributing streams into Baffin Bay and into lower .Laguna Madre. Linear
Programming (43) and Nonlinear Programming (107) optimization procedures are
used to compute the monthly freshwater inflows needed to meet specified
salinity and commercial bay and offshore fisheries harvest = levels.
Particularly, the GRGZ computer program developed by Lasdon (133) is utilized
extensively to determine the optimal inflow need ~ estimates. The
quantifications of salinity and commercial fisheries harvest as functions of
seasonal freshwater inflow are represented by the statistical regression
equations given in Chapters V and VIII, respectively.

Specification of Cbjectives. The criteria or objectives in this optimization
formulation can be any desired estuarine condition. One objective of interest
is to compute the minimum annual inflow to the estuary that meets the con-
straints on the salinity regime and marsh inundation. 2&nocther alternative
could be to compute the estimated quantity of freshwater inflow to maximize
the estimated commercial harvests in the estuary. This harvest could be
either for an individual fisheries species, a weighted sum of the harvests of
a group of the commercially important species (e.g., shellfish) or other
cambinations.
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Computation

Constraints for the Model. A set of constraints in the model

telate freshwater inflow to various envirommental and statistical limits.
These constraints include:

(1) upper and lower limits for the seasonal inflows used in the regres—
sion equations which estimate annual cammercial bay fisheries
harvests,

(2) statistical regression equations relating mean monthly salinities to
mean monthly freshwater inflows,

{3} upper and lower limits on the monthly inflows used in camputing the
salinity regression relationships, and

(4) upper and lower viability limits on allowable monthly salinities
(Table 9-2).

Alternative

Estuarine Objectives

Three alternative objectives are considered as follows:

Alternative
Objective:

Alternative
Objective:

Alternative
Objective:

I, Subsistence
minimize annual combined inflow to the estuary while meeting
salinity viability limits;

IT, Maintenance of Fisheries Harvests

minimize annual combined inflow to the estuary while providing
freshwater inflows sufficient to provide predicted cambined annual
commercial bay harvests separately for both the upper Laguna Madre
{ including Baffin Bay) and lower portions of the estuary (includ-
ing Offshore Gulf Area 21, an area extending approximately 30
miles offshore and bounded by latitudes 26°N, 27°N, longitude
96°30'W, and Padre Island) for red drum, spotted seatrout, black
drum, white shrimp, brown and pink shrimp, and bay oysters at
levels no less than their mean 1962 through 1976 historical
values, and meeting viability limits for salinity;

III, Harvest Enhancement A

maximize the total annual commercial bay harvests of all finfish
in upper Laguna Madre and of all shrimp offshore of lower Laguna
Madre in Gulf Area 21, while observing salinity viability limits,
utilizing annual combined inflows to each portion (i.e., upper and
lower) of the estuary no greater than their average historical
inflows over the 1941 through 1976 period, and maintaining the
total annual commercial finfish harvest in lower Laguna Madre at
no less than the mean 1962 through 1976 historical level,

The objectives and constraints for the listed alternatives are indicated
in Table 9-3, The three specified objectives are not the only possible
options for the Laguna Madre estuary; however, they provide a range of alter—
natives: survival or subsistence {Alternative I), maintenance of bay harvest
levels (Alternative II), and harvest enhancement (Alternative III). An
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Table 9-3.

Criteria and System Performance Restrictions for the Selected Estuarine Alternatives

: Alternatives
: 1T ITI
Criteria: ' :
. Maximize Sum of Annual Upper Laguna Madre Finfish Harvest and Lower Laguna Madre X
Shrimp Harvest from Offshore Area 21
. least Possible Annual Combined Inflow X
Constraints:
. Annual Inflow from the Baffin Bay and Lower Laguna Madre drainage areas are each X
no greater than their Average Annual Historical Values (1941-1976)
. Predicted Annual Spotted Seatrout, Red Drum, and Black Drum Commercial Harvests X
in both Lower and Upper Laguna Madre no less than their Average Annual Values
(1962-1976)
. Predicted Annual Finfish Commercial Harvest in Lower Laguna Madre no less than X
the average Finfish Harvest (1962-1976)
. . Predicted Annual wWhite Shrimp, Brown and Pink Shrimp, and Bay Oyster Commercial X
Harvests are each no less than their Average Harvests (1262-1976)
. Upper and Lower Limits on Seasonal Inflows to Insure Validity of Predictive X X
Harvest Equations '
. Upper and Lower Limits on Mean Monthly Salinity X X
» Upper and Lower Limits on Monthly Inflows to Insure Validity of Predictive X X

Salinity Equations




additional enhancement alternative which could be evaluated is the maximiza-
tion of the total finfish commercial harvest in the estuary.

Alternative I: Subsistence. The objective of Alternative I (Subsistence) is
to minimize total annual freshwater inflows while meeting specified bounds on
salinity in Baffin Bay and near the mouth of the Arroyo Colorado (Table 9-2).
The upper salinity bound for each month at each of the two key locations is
taken as the minimum of the monthly upper viability limit and the historic
median monthly salinity (Table 9-2).

Optimal monthly inflows to the estuary needed to meet the objective are
determined by the Estuarine Mathematical Programming Model. The estimated
annual combined inflow!/ need amounts to approximately 344.4 thousand acre-
feet (424.8 million m3), with 38.2 thousand acre-feet (47.1 million m3)
for Baffin Bay and upper Laguna Madre and 306.3 thousand acre-feet (377.8
million m3) for lower Laguna Madre (Table 9-4). This annual inflow is
approximately 50 percent of the mean historical total inflow to the estuary
over the period 1941 through 1976.

Monthly freshwater inflow needs calculated by the Estuarine Programming
Model for Alternative I provide salinities which closely approximate those for
the required upper bounds during most months of the year (Figures 9-2 and
9-3). Baffin Bay salinities during the months of February, April, June, and
December are lower than the maximum allowed as a consequence of the impact of
the inflows in the months immediately previous upon the salinities in these
months.

Comparisons between the mean historical cambined inflows and the esti-
mated freshwater inflow needs for upper and lower Laguna Madre (Figures 9-4
and 9-5) indicate that the estimated monthly freshwater inflow needs are less
than the mean historical inflows except for the months of March and November
in upper Laguna Madre. The distribution of the total estuarine freshwater
inflow need between the upper and lower portions of estuary, illustrated in
Figure 9-6, patterns the natural runoff contribution with the predominant
inflow need in the lower estuary.

Implementation of Alternative I for the Laguna Madre estuary under the
inflow regime indicated in Table 9-4 is projected to result in decreases in
the majority of commercial fisheries harvest categories over the average
historical levels in the 1962 through 1976 period (Figures 9-7, 9-8, and 9-9).
The all-finfish category is predicted to have an annual harvest of almost 2.4
million pounds (1.1 million kg) for the entire estuary (Figure 9-9), or a 9
percent increase over the historic mean of 2.2 million pounds (997 thousand
kg). Predictions, based upon independent harvest equations from Chapter VIII,
for upper and lower Laguna Madre commercial -finfish harvests are 765 thousand
pounds (347 thousand kg) and 1.43 million pounds (649 thousand kgj,
respectively. Fisheries harvests in upper Laguna Madre are predicted to be
below the 1962-1976 mean historic commercial catch for all species categories
(Pigure 9-7), under the Alternative I inflows. Commercial fisheries harvest

T/ Combined inflow does not include direct precipitation on the estuary's
surface (see Chapter IV for definition).
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Table 9-4. Freshwater Inflow Needs of the Laguna Madre Estuary under Alternative I a/

: b/ : b/ :
Baffin Bay and Upper Laguna Madre : Lower Laguna Madre s Combined
: Total Inflow : Inflow Need from Gaged : Total Inflow :Inflow Need from Gaged : Inflow e/
Month Needs : Portion of the Basin ¢/ : Needs :Portion of the Basin 4/ :
(Thousands of Acre—Feet)
January 1.62 0.13 16.88 10.35 18,50
February 1.33 0.08 17.19 10.52 18.52
March 2.47 0.25 19.12 11.55 21.59
April < 1.33 0.08 27.08 15.69 28,41
May 4.08 0.48 28.77 16.54 32.85
June 4.94 0.61 28.48 16,40 33.42
July 3.21 0.36 21.20 12.65 24,41
August 4,72 0.58 18.06 10.99 22.78
September 7.46 0.97 48.03 25.96 55.49
October 1.87 0.16 34.65 19.48 36.52
November 3.91 0.46 23.52 13.86 27.43
Decenber 1.24 0.07 _23.27 _13.73 _ 24.51
Annual 38.18 4,23 306.25 171,72 344.43

a/ All inflows are mean monthly values.

b/ The upper and lower portion of the estuary are separated by the "land cut”.

E/ These values computed using regression equation relatmg monthly inflow to the estuary with the sum of the
monthly gaged inflows at the USGS streamflow measurlng stations on San Fernando Creek at Alice and on Los
Almos Creek near Falfurrias.

d/ These values computed using regression equation relating monthly inflow the the estuary with monthly gaged
inflows at the USGS streamflow measuring stations on the Arroyo Colorado at Harlingen and the North Floodway
near Sebastian,

e/ Includes all freshwater inflow to the estuary except direct precipitation on the estuary's surface (see
Chapter IV for definition).
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in lower Laguna Madre (Figure 9-8) are also estimated to be below average,
with the combined estuarine and associated Offshore Area No. 21 shrimp harvest
estimated at 7.32 million pounds {(3.32 million kg), or about 12 percent below
the average harvest. "

Alternative II: Maintenance of Fisheries Harvest. The objective of Alterna-
tive II (Maintenance of Fisheries Harvests) 1s to minimize combined freshwater
inflow to the estuary while providing inflows sufficient to generate predicted
annual commercial harvests of red drum, black drum, seatrout, white shrimp,
brown and pink shrimp, and bay oysters separately in both upper and lower
Laguna Madre at levels no less than their mean 1962 through 1976 historical
values and meet viability bounds for salinity (Figure 9-2). .

The optimal set of monthly freshwater inflow needs derived by the Estua—
rine Programming Model for Alternative II (Table 9-5) amounts to 578.0 thou-
sand acre-feet (713.0 million m3) annually, of which 50.0 thousand -acre-feet
(61.7 million m3)} is contributed to ‘the upper Laguna Madre. This annual
volume to the estuary represents 84 percent of the combined average 1941
through 1976 historical freshwater inflow.

The Estuarine Programming Model does not specify unique monthly inflow
needs for the upper or lower Laguna Madre in the spring (April, May and June)
and summer (July and August), or for the lower portion of the estuary in the
fall (September and October) season. The inflows in these seasons which are
greater than the inflows needed in the individual months for salinity mainten-
ance could be distributed on a monthly basis in any desired manner since the
inflow variables in the fisheries equations represent seasonal inflows. It
was decided to distribute the inflows in the above seasons to individual
months based upon the historical (1941-1976) inflow distribution within each
monthly grouping (see Chapter III), while observing monthly salinity needs.

Monthly freshwater inflow need estimates for Alternative II provide
salinities in upper Baffin Bay (Figure 9-10) which are significantly lower
during the months of April through August than those under Alternative I, but
which continue to closely approximate the upper salinity bounds in the majori-
ty of the remaining months. The salinities predicted in June through October
near the mouth of the Arroyo Colorado (Figure 9-11) are also considerably
lower for Alternative II over Alternative I. Predicted salinities are lower
for this alternative than those for Alternative I during critical seasons of
fisheries productivity since additional inflow is supplied to increase
fisheries harvests.

Comparisons between the mean historical 1941 through 1976 combined
monthly inflows and estimated freshwater inflow needs for Alternative II were
made for the upper and lower estuarine contributing areas (Figures 9-12 and
9-13). The average historical inflows from the upper areas around Baffin Bay
are greater for each month than the freshwater inflow needs under this
alternative, with the exception of March and November. In the lower estuary,
larger monthly inflows than the historic mean are needed in July through
October to increase the shrimp harvest and maintain desired salinities. The
monthly distribution the combined estuarine inflow needs to achieve Alterna-
tive II (Maintenance of Fisheries Harvests) as indicated in Figure 9-14,
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Table 9-5. Freshwater Inflow Needs of the Laguna Madre Estuary under Alternative II a/

: b/ : b/ :
Baffin Bay and Upper Laguna Madre : Lower Laguna Madre : Combined
Total Inflow : Inflow Need from Gaged : Total Inflow :Inflow Need from Gaged : Inflow e/
Month : Needs : Portion of the Basin ¢/ : Needs :Portion of the Basin 4/ :
Thousands of Acre—-Feet
January 1.33 .08 16.88 10.35 18.21
February 1.49 11 17.19 10.52 18.68
March : 2.30 .23 - 19.12 - 11.55 21.42
April 3.4 £/ .39 27.08 h/ ' 15.69 30.49
May 9.66 £/ 1.29 28.77 h/ 16.54 38.43
June 4.54 £/ .55 42.65 '_ﬁ_/ 23.38 47.19
July 7.82 §/ 1.02 30.17 1/ 17.25 37.99
August 4,72 q/ .57 35.41 i/ 19.86 40.13
September 7.46 .97 145.15 i/ 68.59 152.61
October 2.16 .20 118.76 i/ ) 57.50 120.92
November 3.62 .42 . : 23.52 13.86 27.14
December 1.53 L1 23.27 ) 13.73 24.80

Annual 50.04 5.94 527.97 278.83 578.01

a/ All inflows are mean monthly values.

h/ The upper and lower portion of the estuary are separated by the "land cut".

¢/ These values computed using equation relating monthly inflow to the estuary with sum of the monthly gaged
inflows at the USES streamflow measuring stations on San Fernando Creek at Alice and on Los Almos Creek
near Falfurrias.

d/ These values computed using regression equation relating monthly inflow to the estuary with monthly gaged
inflows at the USGS streamflow measuring stations on the Arroyo Colorado at Harlingen and the North Floodwav
near Sebastian. '

e/ Includes all freshwater inflow to the estuary except direct precipitation on the estuary's surface (see
Chapter IV for definition).

£/ Total seasonal freshwater inflow need distributed according to 1941-1976 average upper Laguna Madre monthly
inflow distribution in the season (April, May and June).

g/ Total seasonal freshwater inflow need distributed as near as possible to 1941-1976 average upper Laguna
Madre monthly inflow distribution in the season (July and August).

h/ Total seasonal freshwater inflow need distributed as near as possible to 1941-1976 average lower Laguna
Madre monthly inflow distribution in the season (April, May and June}.

i/ Total seasonal freshwater inflow need distributed according to 1941-1976 average lower Laguna Madre monthly
inflow distribution in the season (July and August).

i/ Total seasonal freshwater inflow need distributed according to 1941-1976 average lower Laguna Madre monthly
inflow distribution in the season (September and October).
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Implementation of the inflow regime for Alternative II indicated in Table
9-5 is projected to result in commercial fisheries harvests at-least as large
as the average historical levels over the 1962 through 1976 period for all
species harvest groups in both the upper (Figure 9-15) and lower (Figure 9-16)
portions of the estuary. The total estuarine finfish harvest is projected to-
be 24 percent greater than the historical annual average (Figure 9-17), while
the combined estuarine and offshore shrimp harvest is estimated to equal the
mean historical 1962 through 1976 harvest.

Alternative III: Harvest FEnhancement. The objective of Alternative III
(Harvest Enhancement) is to maximize the annual estuarine commercial finfish
harvest in upper Laguna Madre and the harvest of all shrimp offshore of lower
Laguna Madre in Gulf Area No. 21, while observing salinity viability limits,
utilizing annual freshwater inflows at levels no greater than their respective
average historical 1941 through 1976 annual inflows, and maintaining the
estimated annual commercial finfish harvest in lower Laguna Madre at a level
no less than the mean 1962-1976 annual harvest.

The Estuarine Programming Model was utilized to determine an optimal set
of monthly inflows to meet the stated objective (Table 9-6). The annual
canbined inflow from freshwater sources needed to maximize the finfish and
“shrimp harvests are estimated at approximately 602 thousand acre-feet (743
million m3). The total annual contribution to the Baffin Bay area is
estimated at about 70 thousand acre—feet {86 million m3), while the corre-
sponding lower Laguna Madre contribution is 532 thousand acre—feet (656
million m3). As with Alternative II, seasonal inflow needs in excess on
monthly salinity needs are distributed monthly on the basis of historical
month inflow distribution, as indicated in Table 9-6, consistent with the
minimum monthly 'salinity needs. The estimated annual inflow need is 88
percent of the 1941-1976 average annual inflow for the estuary, with the lower
Laguna Madre need equal to 100 percent of the average inflow in that portion
of the estuary.

Monthly freshwater inflow needs generated for Alternative IITI provide
salinities which are lower in the majority of months for Baffin Bay (Figure
9-18) than those under Alternative II (Figures 9-10). The spring, summer and
late fall months, in particular, for Baffin Bay have salinities considerably
lower than those under Alternatives I or II. Salinities in lower Laguna Madre
are markedly lower under Alternative III in the winter months, when inflows
are required to maximize the offshore shrimp harvest, but are greater than
those for Alternative II in June through October.

Comparisons between the mean historical 1941-1976 monthly inflows and the
estimated freshwater inflow needs under Alternative III have been made for the
upper and lower estuary (Figures 9-20 and 9-21). The average historical
inflows for the Baffin Bay area are less than the freshwater inflow needs
under Alternative III for the spring months (April, May and June), August and
November, and higher than the estimated needs in the remaining months.
Historical inflows to lower Laguna Madre are greater than the estimated month-
ly needs under Alternative III for all months except January, February, March,
September and October. The monthly estuarine inflow needs are distributed to
achieve Alternative III as indicated in Figure 9-22.
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Table 9-6. Freshwater Inflow Needs of the Laguna Madre Estuary under Alternative III a/

b/ : b/ :
Baffin Bay and Upper Lajuna Madre : Lower Laguna Madre : Combined
Total Inflow : Inflow Need from Gaged : Total Inflow :Inflow Need fram Gaged : Inflow e/
Month Needs : Portion of the Basin ¢/ : Needs :Portion of the Basin 4/ :
Thousards of Acre-Feet
January 1.62 .13 48.44 h/ 26.15 50.06
February 2.55 , .26 42.23 E/ 23.18 : 44,78
March : 1.25 .07 . 33.53 b/ 18.93 34,78
April 6.80 £/ .88 27.08 15.69 33.88
May 19.68 £/ 2.74 28.77 - 16.54 48.45
June 9.30 £/ 1.24 28.48 16.40 37.78
July 8.02 g/ 1.05 , . 21,20 12.65 29.22
August 6.13 E/ .78 18.06 10.99 24.19
September 7.54 .98 130.58 i/ 62.50 138,12
October 3.60 .41 106.84 1/ - 52.40 110.44
November 2.18 .21 23.52 13.86 25.70
December 1.24 .07 23.27 13.73 24,51
Annual 693.91 8.82 532.00 283.01 601.91

a/ All inflows are mean monthly values.

b/ The upper and lower portion of the estuary are separated by the "land cut”.

¢/ These values computed using regression equations relating monthly inflow to the estuary with the sum of the

~ monthly gaged inflows at the USGS streamflow measuring stations on San Fernando Creek at Alice and on Los
Almos Creek near Falfurrias.

d/ These values computed using regression equation relating monthly inflow the the estuary with monthly gaged
inflows at the USGS streamflow measuring stations on the Arrovo Colorado at Harlingen and the North Floodway
near Sebastian.

e/ Includes all freshwater inflow to the estuary except direct precipitation on the estuary's surface (see
Chapter IV for definition).

£/ Total seasonal freshwater inflow need distributed according to 1941-1976 average upper Laguna Madre monthly
inflow distribution in the season (April, May and June).

g/ Total seasonal freshwater inflow need distributed as near as possible to 1941-1976 average upper Laguna Madre
monthly inflow distribution in the season (July and August).

h/ Total seasonal freshwater inflow need distributed according to 1941-1976 average lower Laguna Madre monthly
inflow distribution in the season (Januarv, February and March). Seasonal inflow need is the maximum
allowable for this season.

1/ Total seasonal freshwater inflow need distributed according to 1941-1976 average lower Laguna Madre monthly
inflow distribution in the season (September and October).
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According to this analysis, implementation of the Alternative III inflow
regime indicated in Table 9-6 is projected to result in 997 thousand pounds
(452 thousand kg) of annual commercial finfish harvest, in upper Laguna Madre,
or a 13 percent increase above the mean 1962 through 1976 historical level
(Figure 9-23). .The annual shrimp harvest in Offshore Area No. 21 is predicted
to be 9.92 million pounds (4.49 million kg}, a 19 percent increase over the
mean harvest (Figure 9-24). Projected increases above mean canbined estuarine
harvests for the 1962 though 1976 period in individual fishery harvest
categories under Alternative III (Figure 9-25) include 17 percent in spotted
seatrout, 37 percent in red drum, 14 percent in black drum, 19 percent in the
all-shrimp harvest, 64 percent in white shrimp, and 19 percent in brown and
pink shrimp. The estimated bay oyster harvest' is projected to decline to .9
thousand pounds (.4 thousand kg) from an average of 5.5 thousand pounds (2.5
thousand kg). .

Summagz

A methodology is presented which cambines the analysis of the camponent
physical, chemical and biological elements of Laguna Madre estuary into a
sequence of steps which results in estimates of the freshwater inflow needs
for the estuary based upon specified salinity and commercial fishery harvest
objectives.

Monthly salinity limits are established at two locations in the estuary
below the "Null Zone" near the freshwater inflow points of Baffin Bay and
lower Laguna Madre. These upper and lower limits on monthly salinity provide
a range within which viable metabolic activity can be maintained and normal
historical salinity conditions are cbserved.

The river deltas in Laguna Madre are limited in areal extent and
relatively insignificant nutrient sources compared to the vast seagrass beds
within the estuary. As a result, no inflow requirements for riverine marsh
inundation are specified for Laguna Madre.

Estimates of the freshwater inflow needs for Laguna Madre estuary are
canputed by representing the interactions among freshwater inflows, estuarine
salinity, and fisheries harvests within an Estuarine Mathematical Programming
Model. The model computes the monthly freshwater inflows from the Baffin Bay
drainage area and the Arroyo Colorado and North Floodway which best achieve a
specified objective.

The monthly freshwater inflow needs for Laguna Madre estuary were
estimated for each of three alternatives.

Alternative I (Subsistence): minimization of annual cambined freshwater
inflow to the estuary while meeting salinity viability limits;

Alternative II (Maintenance of Fisheries Harvests): minimization of
annual canbined inflow to the estuary while providing freshwater
inflow sufficient to give predicted annual commercial bay harvests
separately for both the upper Laguna Madre (including Baffin Bay)
and lower portions of the estuary (including Offshore Area No. 21)
for red drum, seatrout, black drum, white shrimp, brown and pink
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shrimp and bay oysters at levels no less than their mean historical
1962 through 1976 values and meeting viability limits for salinity;
and

Alternative III (Harvest Enhancement): maximization of the total annual
commercial bay harvest of all finfish in upper Laguna Madre and of
all shrimp in Offshore Area No. 21 while meeting salinity limits and
utilizing annual combined inflow to the estuary at a level no
greater than the average annual historical inflow over the 1941
through 1976 period, and maintaining the total annual commercial
finfish harvest in lower Laguna Madre at no less than the mean 1962
through 1976 historical level.

Under Alternative I (Subsistence), the Laguna Madre system, which has
functioned as both a commercial shellifish and finfish producing system in the
past, can continue to be an important fisheries producing estuary with
substantially less freshwater inflow. Freshwater inflows totaling 344
_ thousand acre—feet (424 million m3) annually are predicted to satisfy the
basic salinity gradient, with a resulting predicted increase in coammercial
finfish bay harvests of 9 percent and a 12 percent decrease in shrimp harvest
from the average annual harvests of 2.2 million pounds (997 thousand kg) and
8.4 million pounds (3.8 million kg), respectively, for the period 1962 through
1976. This annual inflow is approximately 50 percent of the 1941-1976
historical average inflow.

Under Alternative II (Maintenance of Fisheries Harvests), the predicted
annual commercial bay harvests of red drum, spotted seatrout, black drum,
white shrimp, brown and pink shrimp, and bay oyster are predicted to be at
least as great as their historical 1962 through 1976 average levels. The
salinity limits are alsc satisfied. The total annual freshwater inflow need
is estimated at 578 thousand acre-feet (713 million m3), or 84 percent of
the 1941-1976 annual average inflow. The predicted total finfish and shell-
fish commercial harvests is 17.2 million pounds (5.1 million kg), compared to
the 1962-1976 average catch of 10.6 million pounds (4.8 million kg}.

Under Alternative III (Harvest Enhancement), the camwbined annual fresh—
water inflow need is computed at 602 thousand acre-feet (743 million m3),
distributed in a seasonally unique manner, to achieve the objective of maximi-
zing the total annual predicted cammercial bay harvest of finfish in upper
Laguna Madre and shrimp in Offshore Area No. 21. This inflow regime is 87
percent of the 1941-1976 average annual inflow. This objective is achieved
with a predicted 40 percent increase in the annual finfish bay harvest, above
the average historic 1962 through 1976 catch of 2.2 million pounds (1.0
million kg), and an estimated gain of approximately 19 percent in total
cammercial shrimp harvest over the 1962-1976 harvest of 8.4 million pounds
(3.8 million kg).

The estimated monthly freshwater inflow needs are derived in this report
are the best statistical estimates of the monthly inflows- satisfying specified
objectives for bay fisheries harvest levels and salinity regimes. These
objectives cover a range of potential management policies.

A high level of variability of freshwater inflow occurs annually in Texas
estuaries. Fluctuations in inflows are expected to continue for any average
level of inflow into the estuary which may be specified. Some provision
should be made, however, in any estuarine management program to prevent an
increase {(over historical levels) in the frequency of low inflows detrimental
to the ecosystem and its resident aquatic organiams.
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