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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 amounts were recognized at the time as no rrore than preliminary 
estimates of inflow needs based upon historical inflows to each estuary. 
Furtherrrore, 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 amended, Acts 1975) provides for the conservation and development of the 
State's natural resources, including "the maintenance of a proper ecolog ical 
environment of the bays and estuaries of Texas and the health of related 
living marine resources." Both Senate Concurrent Resolution 1 01 (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. II 

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 
estuarine resources (e.g., fish, shrimp, etc.) and to present methods of 
providing and maintaining a suitable ecological environment. The technical 
analyses were to dlaracterize the relationships mich have maintained the 
estuarine environments historically and mich 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. Six major estuaries on 
the Texas coast are part of the series, including (1) the Nueces estuary, (2) 
the Mission-Aransas estuary, (3) the Guadalupe estuary, (4) the Lavaca-Tres 
Palacios estuary, (5) the Trinity-San Jacinto estuary, and (6) the Sabine­
Neches estuary. Reports in the S.B. 137 series are designed to explain in a 
comprehens i ve , yet understandable manner, the results of these planning 
efforts. 
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ClIAPl'ER I 

SUMMARY 

Concepts and Methods 

The ~ision of sufficient freshwater inflow to Texas bays and estuaries 
is a vital factor in maintaining estuarine productivity, and a factor con­
tributing to the near-shore fisheries productivity of the Gulf of Mexico. 
This report analyzes the interrelationships between freshwater inflows and 
estuarine productivity, and establishes the seasonal and lIOnthly freshwater 
inflow needs, for a range of alternative management policies, for the Trinity­
San Jacinto estuary of Texas. 

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 J:i!ysical and chemical indicators include freshwater inflows, circula­
tion and salinity patterns, and nutrients. Biological indicators of estuarine 
productivity include selected commercially, important species. Useful 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 estuarine pro­
ductivity. 

Description of the Estuary and the Surrounding Area 

The Trinity-San Jacinto estuary consists of Trinity Bay, Galveston Bay, 
East Bay, West Bay' and several smaller bays. Areas contributing inflow to the 
estuary include the entire Trinity and San Jacinto 'River Basins and the 
Trinity-San Jacinto Coastal, Basin, plus parts of the Neches-Trinity and San 
Jacinto-Brazos Coastal Basins. 

The major marsh areas of the Trinity-San Jacinto, estuary are associated 
with the Trinity River delta. Active delta plains are covered with salt, 
brackish, and 'freshwater marshes. Most of the shorelines associated with the 
Trinity-San Jacinto estuary are balanced between shoreline erosion and sedi­
ment deposition. 

Land use in the area is dominated by urban and industrial uses. The City 
of Houston and the petro-chemical industrial a::rnplex are predominant fea­
tures. 

Inland areas and marshes contiguous to the Trinity-San Jacinto estuary 
system provide terrestrial and aquatic habitat for many species of wildlife 
including the endangered American alligator, the Whooping crane, the Atlantic 
ridley turtle, the brown pelican, and the Houston toad. wildlife resources of 
the area enhance the opportunities for sightseeing, nature studies, and esthe­
tic benefits accruing to the naturalists. In addition, more than 149 thousand 
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acres of marshland are available to outdoor sportsmen fOr hunting opportuni­
ties. These marsh areas support populations of migratory game birds for the 
hunting esthusiasts. 

The Trinity-San Jacinto estuary has historically been the overall leading 
fisheries resource base in Texas. The annual CCIl1II1ercial bay harvest of 
finfish and shellfish in this estuary has averaged 8.9 million pounds (4.1 
million kg; 96.1 percent shellfish) during the 1962 through 1976 interval. 
However, a large portion of each estuary's production of fish and shellfish is 
caught in the Gulf by oorrrnercial and sport fishermen. When these harvests are 
considered,' the total contribution of the estuary to the Texas coastal 
fisheries (all species) is estimated at 46.7 million pounds (21.2 million kg; 
87.4 percent shellfish) annually for a recent five year period (1972-1976). 
Penaeid shrimp species dominate the shellfish harvests. 

Total economic impact of the estuary's o:mnercial fish and ,shellfish 
harvests on the State are estimated at $185.9 million per year, using an 
input-output analysis and 1976 dollar values. Similarly, the estuary's total 
sport and recreational fishing impact on Texas is estimated at $13.4 million 
annually. 

Hydrology 

Sources of freshwater inflow to the Trinity-San Jacinto estuary include 
gaged inflows from the contributing rivers and streams; ungaged runoff; return 
flows from municipal, industrial and agricultural S)urces; and precipitation 
on the estuary. To acquire accurate inflow rreasurements, gaged stream flows 
require adjustment to reflect any withdrawals or return flows downstream from 
gage locations. Ungaged runoff is estimated by cx:rnputerized mathematical 
models using field data for calibration and verification. Rainfall is esti­
mated 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 to 1976 period varied widely from the rrean as 'a result of recurrent 
drought and flood conditions. On the average, total freshwater inflow to, the 
estuary is computed at 11.34 million acre-feet (14 billion m3) annually.' 

In general, the water quality of gaged inflows to the estuary from the 
Trinity River is good. No parameters were found in violation of existing 
Texas stream standards. Inflows from Buffalo Bayou and other 'urban drainage 
ways, however; contain significant nutrient loadings. Studies of past water 
quality in and around the estuary have noted the occurrence of heavy rretals in 
sedirrent samples. IDeally, bottom sedirrent samples from the Trinity-San 
Jacinto estuary have exceeded the U. S. Environmental Protection Agency 
criteria for metals in sedirrent (prior to dredging) for arsenic, Cadmium, 
copper, lead and zinc. 

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 
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inflows, prevailing' winds, and tidal currents. An irlequate understanding of 
mixing and Fhysical exchange in these estuarine waters is fundamental to the 
assessment of the Fhysical, chemical, and biological processes governing these 
important aquatic systems. 

To fully evaluate the tidal hydrodynamic and salinity transport char-­
acteristics of estuarine systems using field data, the Texas Department of 
water Resources developed digital mathematical models representing the' 
important mixing and Fhysical exchange processes of the estuaries" These 
models are designed to simulate the tidal circulation patterns and salinity 
distributions in shallow, irregular, non-stratified estuaries. The basic, 
concept utilized to represent each estuary is the segmentation of ,the Fhysical 
system into a grid of discrete elements. The models utilize numerical analy­
sis techniques to simulate the temporal and spatial behavior of circulation 
and salinity patterns in an estuary. 

To properly evaluate the transport of water and nutrients through a 
deltaic marsh, it is necessary to describe and 'cx:rnpute estimates of the con­
plex tidal and freshwater inflow interactions. A mathematical model based 
upon the P1ysical laws of conservation of mass and nomentum has been developed 
to simulate the passage of water and nutrients through the Trinity deltaic 
system. The computations are based upon use of a finite difference approxima­
tion to the equations which describe the governing P1ysicai relationships. 

The marsh inundation model is applied to the Trinity River delta. The 
delta system is represented as a series of interconnected shallow channels 
which are subject to varying levels of inundation, depending upon the tidal 
and riverine flow rates. The representation of the Trinity River delta 
includes the non-tidally influenced flood plain of the Trinity River fran the 
stream gages near Lost Lake and Lake Charlotte to the Wallisville levee. 

The model coefficients for calibration of the hydrodynamic model reflect­
ing each delta's hydraulic characteristics, were determined by simulating the 
flow conditions and water inundation depths in each delta, cx:rnparing them with 
actual observed conditions, and adjusting the coefficients until irlequate 
agreement between observed and simulated conditions was,achieved. 

The numerical tidal'hydrodynamic and salinity mass transport models were 
applied to the Trinity-San Jacinto estuary, with the model representation of 
the system including Galveston Bay, Trinity Bay, East Bay, West Bay, and 
numerous smaller bays, San Luis Pass and Bolivar Roads. The hydrodynamic and 
mass transport models were calibrated and verified for the estuary. 

The extent of marsh inundation due to tidal and river floods in the 
Trinity River delta was, investigated utilizing the verified inundation model 
for this system. The flooded surface area of the Trinity delta was determined 
under both high and low tidal amplitudes, for four typical floods I\hich 
occurred on the Trinity River after the filling of Lake Livingston. 

Statistical analyses were undertaken to quantify the relationship between 
freshwater inflows from the Trinity and San Jacinto Rivers and salinities fran 
Trinity and Galveston Bays. Utilizing gaged daily river flows and observed 
salinities, a' set of lIOnthly predictive salinity equations was derived 
utilizing regression analyses for the indicated areas of the estuary. These 
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equations predicted the mean IOOI1thly salinity as a function of the nean nnnth­
ly freshwater inflow rate. 

Nutrient ~sses 

The deltaic marshes are important sources of 'nutrients for the.estuarine 
system. Periodic inundation events are natural and necessary in order for the 
deltaic marshes of the Trinity-8an Jacinto estuary to deliver their potential. 
nutrient materials (e.g., plant detritus) to the open waters of the bays. 
This will Occur as a floodwave of freshwater moving across the'delta sweeping 
decayed macrophytic and 'dried algal material out of the system. A sudden 
inundation event CNer the delta' marshes, following a period of dry emersion, 
results' in.a short period of high nutrient release from the established vege­
tation and sediments. During periods of high river discharge and/or extremely 
high tides that linmediately follow prolonged dry periods, the contribution of 
carbon, . !ilosphorus, and nitrogen from the deltaic marshes to the estuarine 
system can be .expected to increase dramatically. 

Aerial photographic studies of the Trinity River delta have prCNided 
insight into on-going wetland processes. Dredging and diking have combined to 
reduce·the extent of marsh flooding of the Trinity delta; The natural Trinity 
River deltaic wetland has been significantly modified by recent construction 
projects. Extensive CNer-grazing and drainage imprCNenient of marsh areas 
adjacent to the estuary is resulting in the displacement of some native marsh 
vegetation; The direct loss of wetlands due to these activities will probably 
have an adverse impact on the food-chain productivity of the Trinity-San 
Jacinto estuary. 

Primary and Secondary Bay Production 

The coornunity composition, distribution, abundance, and seasonality of 
the phytoplankton, ,zooplankton, and benthic invertebrates of the Trinity-San 
Jacinto estuary were employed as n indicators" of primary and secondary pro­
ductivity.· The estuarine coornunities identified are typical in that they were 
composed of a mixture of freshwater, mar ine , and endemic - species ( i. e. , 
species restricted to the estuarine zone). 

Seven phytoplankton divisions represented by 132 taxa were collected from 
Trinity Bay. A clear distinction in OOJrnlunity cx:rnposition was· discovered 
between locations having significantly different salinity conditions. 

A total of 70 zooplankton species representing nine phyla were identi­
fied. Correlation analysis revealed no·sign{ficant relationships between z0o­
plankton stand ing crops and freshwater inflows. However, these factors did 
exhibit a regulating influence on species cx:rnposition, seasonal occurrence, 
and distribution of zooplankton in Trinity Bay .as evidenced. by comparing 
stations. 

Six phyla represented by 72 benthic species were collected from Trinity 
Bay. . Although not statistically correlated with inflows or salinity, the 
benthic community appears to be similarly influenced by these factors. 
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The ~ytoplankton, zooplankton, and benthic fX)pulations in any l:ody of 
water respond to a oombination of {ilysical and d:lemical seasonal controlling 
factors. Thus, it is difficult to single out the influence of anyone of 
these factors on the entire community. In Texas estuaries, there is always a 
collection of species which are capable of maintaining high standing crops, 
regardless of the salinity, as long as it is relatively stable CNer the 
species lifecycle, and provided that other ~ysiological requirements for that 
particular species group are met. If freshwater infiow is decreased, either 
partially or totally, the OOrrmunity composition .will generally shift toward 
the more marine forms. 

Fisheries 

Virtually all of the Gulf fisheries species are estuarine-dependent. 
Commercial inshore harvests (1962-1976) fran bays of the Trinity-San Jacinto 
estuary rank first in shellfish and fourth in finfish of eight major Texas 
estuarine areas. In addition, the sport or recreational finfish harvest has 
been estimated at six times larger than the cxmnercial finfish harvest in the 
estuary. For the 1972 through 1976 interval, the average annual sport and 
comnercial harvest of fish and shellfish dependent UfX)n the estuary is esti­
mated at 46.7 million fX)unds (21.2 million kg; 87.4 percent shellfish). 

Although a large fX)rtion of each Texas estuary's fisheries production is 
harvested 'offshore in oollective association with fisheries production fran 
other regional estuaries, inshore bay harvests are useful as relative indica­
tors of the year to year variations in an estuary's surplus production. These 
variations are affected by the seasonal quantities and sources of freshwater 
inflow to an' estuary through eoolog ical interact ions involving sal ini ty , 
nutrients, food (prey) production, and habitat availability. The effects of 
freshwater inflow an the Trinity-San Jacinto estuary are also reflected in the 
offshore harvests of the penaeid shrimp fishery. Therefore, the fisheries 
species can be viewed as integrators of their environment's oonditions and 
their harvests used as relative eoological indicators, insofar as they reflect 
the general productivity and 'health" of an estuarine eoosystem. 

A time series analysis of the cornnercial bay fisheries landings (1962 
through 1976) and the oonrnercial offshore penaeid shrimp harvests (Gulf Area 
No. 18, 1959 through 1976) was undertaken to estimate the commercial harvests 
as functions of the seasonal freshwater inflows to the estuary. Regression 
equations derived in the analysis provide numerical estimates of the effects 
of variable seasonal inflows, oontributed fran the major freshwater rources, 
on the production of seafood organisms dependent an the estuarine eoosystem. 
The analysis also SUpfX)rts existing scientific information on the seasonal 
importance of freshwater inflow to the estuary. All significant inshore and 
offshore harvest responses to winter (January-March) inflow are estimated to 
be negative for increased inflow in this season. with exception of the in­
shore brown and pink shrimp component's fX)sitive response to Trinity delta in­
flow, all other significant inshore harvest responses are estimated to relate 
negatively to increased sumner (July-August) inflow. Offshore all shrimp and 
brown and pink shrimp fisheries components also relate positively to increased 
summer inflow, but negatively to increased spring (April-June) inflow. How­
ever, offshore white shrimp and inshore red drum, oyster and blue crab har­
vests relate positively to increased spring season inflow. Significant har­
vest responses to increased autumn (September-Qctober) inflow are fX)sitive, 
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except for the negative responses of the oyster and brONn and pink shrimp 
fisheries components. Increased late fall (November-December) inflow relates 
positively to several cfisheries ronponents (e.g., finfish, spotted seatrout, 
and red drum), but again is negatively related to oyster harvest. 

Where the estimated seasonal inflow needs of the fisheries oomponentsare 
similar, the components reinforce each other; hONever, where corrponents are 
cCJTpetitive by exhibiting opposite seasonal inflON needs, a l1BJ1agement deci­
sion nust be made to balance the divergent needs or to give preference to the C 
needs of a particular fisheries ronponent. A choice rould be made on the 
basis of which species' production is more ecologically characteristic and/or 
eronanically important to the estuary. Whatever the decision, a freshwater 
inflON management regime can only provide an opportunity for the estuary to be 
viable and productive because there are no guarantees for estuarine product­
ivity based on inflON alone, since many other biotic and abiotic factors are 
capable of influencing this production. HONever, most of these other factors 
are largely beyond human rontrol, whereas man's acivities can restrict fresh­
water inflONs to the detriment of fish and wildlife resources. 

Estimated Freshwater InflON Needs 

A methodology is presented which rornbines the analysis of theromponent 
physical, chemical and biological elements of the Trinity-San Jacinto estuary 
into a sequence of steps which results in estimates of the freshwater inflON 
needs for the estuary based upon specified salinity, marsh inundation and 
canmercial fishery harvest objectives. 

Monthly mean salinity bounds are established at locations in the estuary 
near the inflON points of the San Jacinto and Trinity River Basins. The upper 
and lONer limits on monthly salinity provide a salinity cranqe within which 
viable metabolic and reproductive activity can be maintained and normal 
historical salinity ronditions are observed. 

Marsh inundation needs, for the flushing of nutrients from riverine 
marshes into the open bays, are romputed and specified for the Trinity River 
delta. The San Jacinto River delta is limited in arealCextent and far smaller 
than the Trinity delta. As a result, no inflON requirements for inundation of 
the San Jacinto River delta are specified from the San Jacinto River Basin. 
The Trinity River delta is frequently sul::merged by floods from the Trinity 
River. Based upon historical ronditions and gaged streamflON records, fresh­
water inflON needs for marsh inundation are estimated and specified at 750 
thousand acre-feet (924 million m3) in each of the months April, May and 
October. c 'Ihese volumes rorrespond to flood events with peak flON rates of 
29,500 ft3/sec (836 m3/sec). 

Evaluation of Estuarine Alternatives 

Estimates of the freshwater inflON needs for the Trinity-San Jacinto 
estuary are computed by representing the interactions among freshwater 
inflONs, estuarine salinity, and fisheries harvests within an Estuarine Linear 
Programming Model. The model romputes the monthly freshwater inflows from the 
San Jacinto and Trinity River Basins which best achieve a specified oIr 
jective. 
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lhe rronthly freshwater inflow needs for the Trinity-San Jacinto estuary 
were estimated for each of the three following alternatives: 

Alternative I (Subsistence): minimization of the annual a:.mbined fresh­
water inflow while meeting salinity viability limits and marsh inun­
dation needs; 

Alternative II (Maintenance of Fisheries Harvest): minimization of 
annual OOiiibined freShwater inflow \J1ile providing predicted annual 
carnrnercial bay harvests of red drum, spotted seatrout, shrimp, blue 
crab, and bay oysters at levels no less than their 1962 through 1976 
mean values, satisfying marsh inundation needs, and meeting salinity 
viability limits; and 

Alternative III (Shrimp Harvest Enhancement): maximization of the pre-
, dicted offshore commercial harvest of shrimp (in Gulf Area No. 18). 

while meeting salinity viability limits, satisfying marsh inundation 
needs, and utilizing an annual freshwater inflow from each of the 
Trinity and San Jacinto River Basins at a level no greater than 
their individual average annual historical (1941-1976) inflows. 

Under Alternative I (Subsistence), the Trinity-San Jacinto system, Y.hich 
has functioned as both a OJI1I1lercial shellfish and finfish producing system in 
the past, could continue to be an important fisheries producing estuary with 
substantially less freshwater inflow. Freshwater inflows totaling 6.85 
million acre-feet (8,446 million m3; 67 percent estimated from gaged areas) 
annually are predicted to satisfy the basic salinity gradient and marsh inun­
dation needs, with resulting predicted increases in the a:.mbined commercial 
finfish and shellfish harvests of 16' percent, above average values for the 
period 1962 through 1976 (Figure 1-1). 

Under Alternative II (Maintenance of Fisheries Harvests), the predict;ed 
annual commercial bay harvests of red drum, spotted seatrout, shrimp, blue 
crab and bay oysters are required to be at least as great as historical 
(1962-1976) average levels. lhe marsh inundation needs and salinity bounds 
must also be satisfied. To satisfy these criteria, an annual freshwater 
inflow of 7.19 million acre-feet (8,865 million m3 ; 68 percent from gaged 
areas) is needed (Figure 1-1). lhe predicted a:.mbined finfish and shellfish 
annual commercial harvest (offshore shrimp included) for this Alternative is 
approximately 16' percent higher than the historical average. 

Under Alternative III (Shrimp Harvest Enhancement), the Trinity-San 
Jacinto estuary's annual freshwater inflow needs are estimated at 7.02 million 
acre-feet (8,656 mill ion m3 ; 68 percent from gaged areas), distributed in a' 
seasonally unique manner, to achieve the objective of maximizing the annual 
predicted commercial harvest of shrimp in the offshore area (Gulf Area No. 18) 
adjacent to the estuary (Figure 1-1). Annual inflows from the San Jacinto 
River Basin are limited by the average annual 1941 through. 1976 historic 
inflow from the basin, thus indicating that some ajditional inflow from the 
basin would enhance the harvest. Annual inflow need from the Trinity River 
Basin, however, was·40 percent less than the historical (1941-1976) mean. The 
objective of harvest enhancement is achieved with a predicted 15 percent 
increase over the mean 1959 through 1976 harvest of penaeid shrimp in offshore 
Gulf Area No. 18, and an equal percentage gain in the total commercial 
shellfish and finfish harvest .( inshore fisheries included) (Figure 1-1). 
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The monthly distribution of the inflow needs for each of the Alternatives 
and the average historical monthly freshwater inflows for the period 1941 
through 1976 are given in Figure 1-2. 

Estuarine Circulation and Salinity Patterns 

The numerical tidal hydrodynamic and salinity mass transport models were 
applied to the Trinity-San Jacinto estuary to determine the effects of the 
estimated freshwater inflow needs for Alternative III upon the average 
monthly net flow circulation. and salinity characteristics of the estuarine 
system. The monthly simulations utilized typical tidal and meteorological 
conditions observed historically for each month simulated. 

The net circulation patterns simulated by the tidal hydrodynamic model 
indicate that the dominant simulated current in Galveston Bay is a net water 
movement along the Houston Ship Channel. This dominant current influences 
circulation in the other areas of Galveston Bay. The simulated net water 
movements in Trinity, East, and West Bays were generally dominated by internal 
circular currents. The simulated monthly circulation patterns indicated that 
the currents in the Trinity-San Jacinto estuary are wind dominated. 

The simulated salinities in the Trinity-San Jacinto estuary for the 
estimated monthly freshwater inflow needs under Alternative I vary over a wide 
range. Salinities throughout the estuary are lowest in the month of May, with 
average simulated salinities of less than 20 parts per thousand (ppt) over the 
entire estuary except near San Luis and Bolivar Passes. The highest levels of 
simulated salinities occur during the month of August, ~en salinities in 
Galveston Bay near Bolivar Pass exceed 30 ppt. The simulated salinities for 
Trinity Bay are generally less than 15 ppt throughout the year. The major 
portion of Galveston Bay has simulated salinities of between 15 and 20 ppt; 
however, during the high freshwater inflow months of April and May, the 
salinities in the bay are between 10 and 15 ppt. 

Since the middle portion of Galveston Bay has simulated salinities in all 
months below a target maximum allowable roncentration of 20 ppt, the fresh­
water inflow needs established by the Estuarine Linear Programming Model would 
be adequate to sustain the salinity gradients specified, within the objec­
tives, throughout the estuary. 

The estimated monthly freshwater inflow needs derived in this report are 
the best statistical estimates of the monthly inflows satisfying specified 
objectives for rorrrnercial fisheries harvest levels, marsh inundation and 
salinity regimes. These objectives rover 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 rontinue for any average 
level of inflow into the estuary ~ich 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 estuarine-dependent organisms. 

17- The-alternative having the lowest inflow level and thus the alternative 
- that would ilrrpinge most heavily upon salinities. 
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CHAPTF.R II 

CCNCEPTS AND MEl'HODS FUR DErr'ERMINING 'IHEINFUJENCE 
OF FRESHWATER INFICMS UPCN ESTUARINE EXXEysrEMS 

Scope of Study 

Senate Bill 137 (64th Texas Leqislature) mandates a o:::mq:>rehensive study 
of environmental variables, especially freshwater inflow, which affect Texas 
estuarine ecosystems. This report presents the results of the studies of the 
Trinity-San Jacinto estuary. In succeeding chapters, biotic and abiotic 
factors are conceptually related, enabling the use of numerical analysis for 
the identification of maintenance needs. Many estuarine maintenance needs are 
directly related to freshwater inflow and associated quality constituents. In 
sane cases, these needs may be exceeded in importance by the basic avail­
ability of substrate and/or habitat in the ecosystem. 

Fundamental to these disct.issions is the concept of seasonal dynamics; 
that is, the environmental needs of an estuarine ecosystem are rot static 
annual needs. In fact, dynamic equilibrium about the productive range is roth 
realistic· and desirable for an estuarine environment. Extended periods'c of 
inflow conditions which consistently fall below maintenance levels can, h0w­
ever, lead to a degraded estuarine environment, loss of irrportant "nursery" 
functions for estuarine-dependent fish and shellfish resources, and a reduc­
tionin the potential for assimilation of organic and nutritive wastes. Dur­
ing 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 )Xlpula­
tions (199). 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 Trinity-San Jacinto estuary. 

Estuarine Environment 

Introduction 

The bays and estuaries along the Texas Gulf Coast represent an important 
econanic 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 maior estuarine systems. 

Physical and Chemical Characteristics 

TOpography and Setting. A Texas estuary may be defined as the 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 canplete 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 
rerroved from direct flow exchange with the Gulf. In secondary bays, the 
salinities are usually lower than the primary bay. In terms of energy input 
to the estuarine systems, the IlOst productive and dynamic of estuarine hab­
itats are the tertiary bays. Tertiary bays are generally shallow, brackish to 
freshwater areas where sunlight can effectively penetrate the water column to 
support Fhytoplankton, benthic algae, and other sutmerged 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 kilometers) of bay shoreline, along which are 
located seven major estuarine systems and three snaller 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 IlOre than 1.5 
million acres (607,000 hectares) with IlOre than 1.1 million acres (445,000 
hectares) of adjacent marshlands and tidal flats (480). Physical charac­
teristics of the Trinity-San Jacinto estuary are described in Chapter III. 

Hydro~. A primary factor distinguishing an estuary from a strictly marine 
environment is the input of freshwater from various s::>urces. Sources of 
freshwater inflow to Texas estuaries include: ( 1) gaged inflow (as measured 
at the IlOSt 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 environment. 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 cOmputerized mathematical watershed IlOdels, soil 
moisture data, and rUnoff coefficients developed from field surveys. Direct 
precipitation on an estuary is assumed to bea distance.,-weighted average of 
the daily precipitation recorded at weather stations in the coastal regions 
adjacent to each bay. 

The hydrology of the Trinity-San Jacinto estuary is described in Chapter 
IV. 

Water Quality. The factors which affect the water quality of aquatic ec0-

systems and their importance to the various biological canponents include 
nutrients, such as nitrogen and FhosFhorus; the basic cellular building block, 
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carbon; trace elements necessary for biological growth; the presence of 
sufficient concentrations of dissolved oxygen for respiration of aerobic 
organisms; and the occurrence of toxic chemicals that may inhibit growth and 
productivity. (Figure 2-2). The presence of fOllutants can have significant 
impacts UfOn estuarine water quality. Economic and business developnent 
activities may result in changes to the Plysical and chemical quality of the 
runoff. Waste loads which enter the aquatic ecosystem can be of several 
types, including predominantly municipal and industrial effluent and 
agricultural return flow. The presence of toxic chemicals can have a 
detrimental impact UfOn the quality of estuarine waters and the indigenous 
aquatic ecosystem. 

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

Biological Characteristics 

An estuarine ecosystem comprises a myriad of life forms, living inter­
dependently, yet all dependent on the "health" of the aquatic environment. 
Among the general groupings of life forms that occur in the estuary, the most 
prominent are bacteria, Plytoplankton (algae), vascular plants (macrophytes), 
zooplankton, benthic infauna, shel~fish and finfish. 

Salinity, temperature, and fOtentially catastrophic events (e.g., hurri­
canes) are factors that largely control and influence species composition in 
these ecosystems. While the number of species generally remains low, numbers 
of organisms within a single species may be high, fluctuating with the seasons 
and with hydrologic cycles (212, 77,207). The fluctuating conditions provide 
for a continuing shift in dominant organisms, thereby preventing a specific 
species from maintaining 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 environments. Biological <XlIl1Il\unity cx:mposition 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 
composition 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 Trinity-San Jacinto estuary are described in 
detail in Chapters VII and VIII. 

Food Chain. 'It> evaluate the effects of freshwater inflow on an estuary, it is 
necessary to consider the significant interactions arrong dominant organisms 
for each of the estuary's trophic (production) levels. A cx:mplicated food web 
consisting of several food chains exists arrong the trophic levels of an 
estuarine ecosystem, with water the primary medium of life support (44, 164, 
46, 112, 187, 240). The aquatic ecosystem can be conceptualized as cx:mprising 
four major components, all interrelated through various life processes (Figure 
2-2) : 
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1. Chemical parameters including basic substances "essential to life such 
as carbon dioxide (C02), nitrate (N03), ammonia (NH3), 
phosphate (P04), and dissolved oxygen (DO), 

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, annivores, and predators) including hetero­
trophic organisms such as zooplankton, shellfish, and fish species 
that utilize other biota as basic food material, and 

4. Decomposers including bacteria in both liquid and solid (sediment) 
phases and fung i. 

The trophic relationships occurring in an estuarine system typical of those 
along the Texas Gulf Coast are large in number and cx:mplex in scope (Figure 
2-4). The river inflow provides a major source of nutrients and organic 
materials, both of which contribute to supporting the extensive populations of 
omnivore and filter feeding species which dominate the lower trophic levels of 
the system. Exact quantitative relationships among the estuarine organisms 
and the aquatic environment are extremely cx:mplex and many are still unknown. 

Life Cycles. 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 (218). These migrations occur in seasonal cycles and !lOst 
are involved with spawning (reproduction). Larval and p:lstlarval organisms 
may migrate into the estuary because of food and physiological requirements 
for lowered salinity (139, 534), and/or for protection against predators and 
parasites (144, 197). Juvenile forms use the shallow "nursery" areas during 
early growth (92), migrating back to the Gulf of Mexico in their adult or sub­
adult life stage. 

For high marsh productivity to occur, the timing of freshwater inflow, 
inundation (irrigation) of marshes, and nutrient stimulation (fertilization) 
of estuarine plants must coincide with the subtropical climatic regime of the 
Gulf region. Nature's seasons provide environmental cues, such as increases 
or decreases in salinity and temperature, that enable estuarine-dependent 
species to reproduce and grow successfully in the coastal environments. 
These species have adapted their life cycles to the natural schedule of sea­
sonal events in the ecosystem and also to reduce cx:mpetition and predation. 
Coincidence of seasonal events, such as spring rains, inundation of marshes 
and increased nutrient cycling is made more cx:mplex by both antecedent events 
and ambient conditions. For example, winter inundation and nutrient stimula­
tion 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. Consequently, the growth and survival of many econ­
omically imp:>rtant seafood species will be limited if antecedent events and 
ambient conditions are unfavorable and far fran the seasonal optimum. 
Further, the entire ecosystem can lose productivity through disruption of 
energy flow and become altered by slight, but chronic stresses (547). 

Virtually all (97.5%) of the Gulf fisheries species are considered 
estuarine-dependent (93); however, the seasonal aspects of their life cycles 
are quite different. Some species, such as the redfish, spawn in the fall and 
the young are particularly dependent on migration to and utilization of the 
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"nursery" habitats during this season. others, such as the penaeid shrimp, 
spawn primarily in the· spring and early sumner, and their young IlOve inshore 
to shallow, low salinity estuarine areas for growth and developnent at this 
time. Not all estuarine-dependent species are migratory between the marine 
and estuarine environments 1 however, there are few true year-round residents 
(e.g., bay oysters) capable of <XlIIIPleting their life cycle totally within the 
2stuary (179). 

Habitat. 'lhe marsh wetlands adjacent to each Texas estuary are crrong the IlOst 
important areas of the estuarine ecosystems. They may be maracterized as 
tracts of soft, wet land located adjacent to or near the bay margins and along 
the mannels of inflowing drainages, such as a river IlOuth with its associated 
<delta. Depending upon the specific location, estuarine marsh communities 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 Coast has been 
measured at about 100 million pJunds 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/m2/yr) in the IlOst productive areas (54). Throughout the v.orld, 
only tropical rain forests, coral reefs, and some algal beds produce IlOre 
abundantly per unit of area (187, 343). 

Marsh production has been shown to be a major source of organic material 
sUppJrting the estuarine food web in coastal areas from New England to the· 
Gulf of Mexico (40, 112, 163). Because of high plant productivities an 
estuarine marsh can assimilate, if necessary, substantial volumes of 
nutrient-rich municipal and industrial wastes (530, 531) and incorpJrate them 
into the yield of organic material which supports higher trophic level 
production, such as fishery species. Such high food density areas serve as 
"nursery" habitats for many economically important estuarine-dependent 
species, as well as providing 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. 

Relationships between productivity and habitat are discussed in Chapters 
VI, VII, and VIII. 

Summary 

Texas has seven major estuarine systems and several snaller estuaries 
that are located along approximately 373 miles (600 kin) of coastline. These 
estuarine systems have a total open-water surface area· of IlOre than 1.5 
million acres (607,000 ha), including many large Shallow bays behindba=ier 
islands. At least 1.1 million acres (445,000ha) of adjacent marshes, tidal 
flats, and bayous provide "nursery" habitats for jL'~Tenile forms of marine 
species and produce nutrients for the estuarine systems. 
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The ecosystems ~ich have developed within these estuaries are in large 
part dependent up:lI1. the anpunt, 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 
dilutes the saline tidal water of the Gulf and transports nutritive and sedi­
mentary building blocks that maintain marsh environments and contribute to 
estuarine production of fish and shellfiSh. 

The health of estuarine aquatic organisms is largely dependent upon water 
quality. Rlllutants and toxic materials create P'lysiological (metabolic) 
stresses t\1at can inhibit reproduction and growth, and may have long-lasting 
effects on the estuary. 

An estuarine ecosystem is a ccrnplex 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 deccrnposers, 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. Fish and shellfish species, in particular, may have migratory 
life cycles, with the adults spawning in the Gulf of Mexico and juveniles 
migrating to the estuaries. 

Estuarine wetlands and river deltas are the most important habitat areas 
for juvenile forms of many aquatic species. These marsh systems contribute 

. nutrients to the estuaries ~ile providing nursery habitats for many species 
of estuarine organisms. 

Evaluation of Individual Estuarine Systems 

Introduction 

In order to better understand the basic relationships among the numerous 
physical, dlemical and biological factors governing Texas estuarine Systems, 
and the importance of freshwater to these systems, the Texas Department of 
Water Resources has conducted studies on the effects of freshwater iriflow on 
nutrient exchange, habitat maintenanCe, and production of living organisms. 
Technical methods developed and used in these studies are described in this 
report. These mei:hods were developed to quantitatively express (1) the inun­
dation/dewatering process of river delta marshes, (2) the biogeochemical cycl­
ing 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 hydrody­
namics 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 techniques have quantified, insofar 
as possible at this time, the interrelationships anpng P'lysical, dlemical, and 
biological parameters that govern the productivity within these systems. 
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Mathematical Modeling 

The ooncept of mathematical nodeling is fln'ldamental to In'lderstanding the 
techniques utilized in this study Dor evaluation of freshwater inflow effects 
upon an estuary. In general, a mathematical nodel is a specific set of mathe­
matical relationships describing real-world relationships of a system or its 
canponent parts, be that system physical, eoonomic or oocial. A mathematical 
model (representation of a prototype system) may undergo several stages of 
development and refinement before it is fOln'ld to be a satisfactory descriptive 
and predictive tool of a particular system. A rigorous data acquisition 
program must be In'ldertaken to gather sufficient information to test and apply 
the nodel. A simplified flow diagram of the nodel development and application 
process is presented in Figure 2-5. 

Model development begins with problem oonception. The governing equa­
tions for each aspect of the problem are oonstructed to form a oongruous 
system of equations that can be oolved by the application of ordinary oolution 
techniques. 'ltle governing equations are then coded into algorithmus, data 
input and output requirements are determined, and the necessary o::mputer files 
are created. 

Several independent sets of input and output data, as prescribed by the 
formulation and oonstruction steps, must be acquired and prepared in proper 
format. 'ltle data should be of sufficient spatial extent and temporal duration 
to insure ooverage of all anticipated boln'ldary oonditions and variations. 

Calibration of the nodel oonsists of its application utilizing one or 
more of the input data sets, followed by oomparison of the simulated nodel 
responses with the oorresponding <Jbserved real-world oonditions. Adjustment 
of the input equation ooefficients may be necessary until the simulated and 
observed responses agree within appropriate predetermined tolerances. 

Once a nodel 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 oomparison of the simulated re­
sponses with the observed data should yield close agreement. Close agreement 
within predetermined tolerance levels indicates nodel "validation". It is 
then possible to simulate oonditions for ~ich o::mparative response data are 
not currently available, with a high degree of oonfidence Oller the range of 
conditions for ~ich the nodel has been calibrated and validated. However, a 
calibrated nodel that has not been validated in the manner described here may 
still give a reasonable simulation; but the degree of response oonfidence is 
less. 'ltle computer nodel, if properly applied and its output judiciously 
interpreted, can be a valuable analytical tool. 

The mathematical nodels used to evaluate the hydrology and salinity of 
the Trinity-San Jacinto estuary are described in detail in Chapter V. 

Key Indicators. of Estuarine Conditions 

The large number of complex interactions of physical, chemical, and bio­
logical parameters make it difficult to completely define the interrelation­
ships of an estuarine eoosystem. Major environmental factors and identifiable 
biological populations can be used, however, as "key indicators" to understand 
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and demonstrate the response of higher food chain organisms, such as shellfish 
and finfish, to major changes ill the ecosystem (233, 187). Physical and 
chemical constituents of prime importance to the estuarine ecosystem include 
freshwater inflow, circulation and salinity patterns, and nutrients. Chapters 
IV, V and VI quantify each of these factors to assess their relationship in 
estuarine productivity. 

Physical and Chemical Indicators. (1) Freshwater Inflow. 
of the IIDst important environmental parameters influencing 
Freshwater, inflows serve the following major functions: 

1. Salinity gradient control, 

Freshwater is one 
estuarine systems. 

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 Cf!iI<rj are influenced only gradually 
with tinie. Salinities in the estuaries are determined by balance aroc>ng 
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 overylying water column. The subsidence of the 
floodwaters and the subsequent dewatering of the marshes results in the 
movement of organic nutrients from the marsh into the nearby tertiary and 
secondary bays. However, large volumes of freshwater inflow can also be 
detrimental, depressing biological productivity and flushing even the primary 
bay of an estuarine system. Flood events may resuspend and transport 
sediments, increasing turbidity and causing a rapid decrease in the standing 
crop of P'lytoplankton, zooplankton, benthos and fisheries PJPulations. 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 inflows. 

(2) Critical Period.· An understanding of the concept of "critical 
period" is necessary in order to understand the importance of freshwater in­
flow to Texas estuarine systems (117, 175). There are basically two types of 
critical periods that must be considered--long term and seasonal. The first, 
or IIDre general type, is that resulting fran 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-
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tion to an estuary, a 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 IIDre 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 adaptations to differing salinity, nutrient, and sedimentary 

balances. Among such distinctive characteristics are bay size, number and 
size of contributing marshes, extent of submerged seagrass communities, 
species diversity, and species dominance. The timing of freshwater inflows 
can be extremely .important, since adeguate inflow during critical periods can 
be of greater benefit to ecological maintenance than abundant .inflow during 
noncritical periods. . 

(3) Circulation. The IIDvement of waters within an estuary largely 
determines the distribution of biotic and abiotic·constituents in the system. 
To study the IIDvement of estuarine waters under varying conditions, tidal 
hydrodynamic mathematical models have been develOped and applied to individual 
Texas estuaries ( 173) • Each model computes velocities. and water surface 
elevations at node points of a computational 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. 'n1e 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. 'n1e primary output from the tidal hydrodynamic model is a time­
history of water elevations and velocity patterns throughout the estuary. 
Output data are stored o~ magnetic tape for later use. 

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

(4) Salinity. A knowledge of the distribution of salinities over time 
at points throughout an estuary is vital to the understanding of environmental 
conditions within the system. To better assess the variations in salinity, a 
salinity transport mathematical model has been developed (173, 174) to' 
simulate the salinity changes in response to dispersion, molecular diffusion 
and tidal hydrodynamics. This model is a companion 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; evaportion 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 proiects such as dredging 
and filling on circulation and salinity patterns in an estuary. 
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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 anong variables. The 
relative accuracy of such a predictive model, <XlT1I1\Only 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 plots as a straight line on log-log graph paper. 

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 p:>int in the estuary. These models ccmpliment each 
other, however, since a statistical model is considered IlDre accurate near a 
river's mouth and the salinity transport model provides better predicted 
salinities at p:>ints 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 
quantity of necessary nutrients such as carbon, nitrogen and {i1osphorus. 
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 (40, 163). . 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 traI1sported and 
deposited in salt marshes by river floods are assimilated in the marshes 
through biological action and converted to organic tissue. This conversion is 
a=mplished 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. 

To properly evaluate the transport processes through a deltaic river 
marsh it is necessary to estimate the ccmplex tidal and freshwater inflow 
interactions. A mathematical model (set of equations) based upon the appro­
priate {i1ysical laws was developed for determining flows, water depths, and 
nutrient transport in the Trinity River delta (61, 64). This model applies in 
cases of both lo_flow and flood conditions. The results of freshwater 
inflows upon the marsh inundation and dewatering processes are estimated 
through the application of this marsh inundation model (see Chapter V). 

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 an appropriate life­
cycle to permit observation of changes in organism densities and productivity 
in association with observations of environmental change. 
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Dr. Eugene Odum has remarked that "ecologists constantly employ· such 
organisms as indicators in exploring new situations or evaluating large areas" 
(187). Odum also notes that large species often serve as better indicators 
than snaIl species because a larger and IlDre stable biomass or standing crop 
can be supported with a given energy flow. The turnover of snall organisms 
may be so great that the particular species present at anyone 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 yield of fish and shellfish 
is an indicator of environmental conditions that are favorable for the entire 
biological CXlI1I1lUnity. In a number of recent environmental 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 IlDnitored and 
integrated into a research program, the maximum data base would be achieved: 
however, there are always time and financial limitations that make this impos­
sible. It is believed that the use of indicator or key species that emphasize 
the fishery species is reasonable and justified, especially when one considers 
the type of ecosystem and the availability of time and IlDney which limit the 
number of environmental variables that may be investigated in depth. Use of 
several diverse species avoids problems IlDSt commonly associated with a single 
chosen indicator, wherein data may be dependent upon that particular species' 
sensitivity. The "key" species approach is used in these studies of the Texas 
bays and estuaries. 

( 1 ) Aquatic Ecosystem Model. Attempts to understand the complex inter­
actions within Texas estuarine ecosystems have lead to the developnent of a 
sophisticated estuarine ecologic model (ESTECO: 540, 275). The model was 
·formulated to provide a systematic means of predicting the response of 
estuarine biotic and abiotic constituents to environmental changes. Ecoloqi­
cal 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 IlDst sensitive indicators of the primary 
productivity of an estuarine environment (i.e., salinity, dissolved oxyqen, 
nutrients, and algae), the higher trophic levels are also taken into account. 
The trophic categories included in the model are [Xlytoplankton, zcoplankton, 
benthos, and nekton (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 decomposers, are intimately related to water quality, a complex set of 
physical, chemical and biological relationships have been included in the 
ESTECO model which link the various abiotic oonsti tuents 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 which occur in the estuarine 
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system. Also, the oomprehensive data to accurately calibrate the estuarine 
ecologic nDdel for simulation periods in excess of one year are not yet 
available. Further refinement of the nDdel is anticipated as these data 
become available. 

At present, the most serious deficiency of the estuarine ecological nDdel 
is its inability to accurately describe and predict the standing bianass of 
carmercially important finfish and shellfish which spend p.:>rtions of their 
life cycles in the estuary. Thus, for plrposes of this study, statistical 
analysis techniques are used to predict the pvoductivity of the higher 'trophic 
levels under various freshwater inflow conditions. The statistical nDdels 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 environmental variables such as fishery pro­
duction. The use of linear regression analysis allows the developnent of a 
variety of descriptive and predictive relationships between seasonal fresh­
water inflows and carmercial harvest of finfish and shellfish. The specific 
regression equations for estimating harvest of Sp.:>tted seatrout, red drum, 
black drum, white shrimp, brown and pink shrimp, blue crab, and bay oyster as 
a function of the reported quantities of seasonal freshwater inflow are o::m­
puted using data fran each estuarine system (Chapter VIII). These regression 
equations can be used to compute estimates of the estuarine productivity, in 
terms of harvested fisheries bianass, as a function of seasonal freshwater 
inflow. However, there are variations in the historical harvest data which 
are not explained by variations in seasonal freshwater inflow. These varia­
tions may be due to other factors such as temperature, predation and disease. 

The described relationships 'are useful in defining the p.:>ssible impacts 
and interactions between freshwater inflows and the bianass pl:-oduction in 
various trophic levels. Many of the o::mplicated relationships arong trophic 
levels within an aquatic ecosystem are not yet o::mpletelyunderstood and data 
about them are not available, so the mathematical representations required to 
describe such phenanena have not been adequately defined. Therefore, regres­
sion techniques are applied in these studies as a useful tool in understanding 
these interactions. 

(3) Finfish Metabolic Stress Analysis. The health of organisms in an 
estuarine ecosystem is dependent upon a number of factors. Wohlschlag (320, 
321) and Wakeman (538) have reported on the stress of salinity dlanges upon 
the metabolic activities of several Texas estuarine fish species. For exam­
ple, Wakeman measured the maximum sustained swinrning speeds of four' estuarine 
fish species (i.e., Sp.:>tted seatrout, sheepshead, and black and red drum) at 
28 degrees celsius (Ner a range of salinities (10-40 parts per thousand, f:pt) 
normally encountered in the estuary to determine their cptima. All of these 
species are of' CXXlIllercial and recreational imp.:>rtance; therefore, results of 
these metabolic research studies are valuable in the planning and management 
of the Texas estuarine systems and their pvoduction of renewable fish re­
sources. Salinity ranges and salinity cptima have also been determined ',for 
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several other estuarine-dependent fish and shellfish species (including 
shrimp, crabs, and oysters), and are presented in Chapter IX. 

Analyzing the Estuarine Oamplex 

~theSiS of~tin* Estuarine Restfinses. The development of environmental 
eling tec l.ques as increased e capability of the planners to make 

intelligent and CXlI11prehensive evaluations of specified development alterna­
tives and their impact on CGUatic ecosystems. Due to the tremendous a:rnplex­
i ty of CGUatic 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 management objective for the biological resources of. an 
estuary must include a value judgment concerning a:rnpeting interests. Where 
seasonal salinity needs are CXlI11petitive among estuarine-dependent species 
(e.g., one species prefers low salinities in the spring and another prefers 
high salinities in the same season) a management decision may be required to 
specify a preference to one or rore species' needs. Such a decision could be 
made on the basis of which organism has been rore 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 
in Chapter IX. 

further discussed 
I 

I 

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 con­
sideration of competing 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 a:rnputing the 
salinity regression relationships, and 

5) environmental bounds on a ronthly basis for the salinities required 
to maintain the viability of various CGUatic organisms. 

Constraints (2) and (4) are required 9:) that the inflows selected to rreet 
a. specified objective fall within the ranges for which the regression equa­
tions are valid. Thus, in this analysis errors are avoided by rot extrapolat­
ing beyond the range of the data used in developing the regression relation­
ships. 

The constraints listed above are incorporated into a special linear 
programning (LP) llOdel, to determine the ronthly freshwater inflows needed to 
meet specified marsh inundation, salinity, and fisheries objectives. The 
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optimization procedure used to assess alternative objectives is formulated in 
a oomputer code based upon the simplex algorithm (42) for the s:>lution of 
linear programs. A linear program may be used to reach an cptimLUn s:>lution to 
a problem where a desired linear objective is maximized (or minimized) subject 
to satisfying a set of linear constraints. 

The output fran the LP model provides rot 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 fisheries harvested, rut 
also the predicted harvest levels and salinities resulting fran the !1Ddel's 
freshwater inflow regime. The harvests that are predicted under such a regime 
of freshwater inflows can be canpared with the average historical harvests to 
estimate changes in productivity. 

Use of the estuarine inflow !1Ddel is described in Chapter IX, 

(2) Model Interactions. The estuarine linear {X"ogranrning !1Ddel incor­
porates salinity viability limits and o:mnercial 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 combined into one constraint in the !1Ddel 
by taking the largest of the minimLUn required values for the two plrposes. 
Thus, if the flow in March reqUired for inundation is greater than the flow 
needed for salinity gradient control and fisheries harvest (production), then 
the March inflow need only be equal to the inundation requirement. A seasonal 
schedule of inflows needed by the estuary to meet the specified objectives is 
thus derived. 

A process for synthesis of estimated freshwater inflow needs for the 
Trinity-San Jacinto estuary is discussed in Chapter IX. 

Techniques for Meeting Freshwater Inflow Needs. The freshwater inflows needed 
to maintain an estuary's ecology can be provided from both unregulated and re­
gulated s:>urces. The natural inflows from uncontrolled drainage areas and 
direct precipitation will possibly continue in the future at historical 
levels, since man's influence will be limited, except in those areas where 
major water diversions or storage projects will be located. Inflows from the 
major contributing river basins, however, will probably be subject to signifi­
cant alteration due to man's activities. A a:mpilation and evaluation of 
existing permits, claims and certified filings on record at the TDWR indicate 
that should diversions closely approach or equal rates and volLUnes presently 
authorized under existing permits and claims presently recognized and UFheld 
by the Texas Water Commission, such diversions could equal or exceed the total 
annual runoff within several major river systems during- s:>me years, par­
ticularly during drought periods. TOtal annual water use (diversions) do not 
yet approach authorized diversion levels in most river basins, as evidenced by 
both mandatory and voluntary a::.mprehensive water use reporting information 
systems a:lministered by the 'ImR. With a::.mpletion of major new surface-water 
developnent and delivery systems, such as the major conveyance systems to 
convey water fran the lower Trinity River to the Houston-Galveston area, 
however, freshwater inflows to some bay systems may be progressively 
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reduced and/or points of re-entry (in the form of return flows) may be sig­
nificantly altered. 

(1) Freshwater Inflow Management. The freshwater runoff from the regu­
lated 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 consistent 
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 possibly ultimately the 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 require a recordation with the Texas Water Carmission 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 Oammission 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 frem 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. 

The adjudication process is 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. 72 percent cx:mplete. 
Although the adjudication program is being accelerated, several years 
will be required to complete adjudication for the remaining 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 resolving coastal problems. 

Operations of Upstream Reservoirs in Contributing Basins. The control of 
surface-waters through impoundment and release from large storage reser­
voirs is a potential source of supplementary waters for the Texas 
estuaries. The Texas Water Plan specified a plan for the delivery of up 
to 2.5 million acre-feet (3.1 billion m3) of supplemental water annual­
lY to Galveston, Matagorda, San Antonio, Aransas, and Corpus Christi Bays 
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through oontrolled releases from the. coastal a:mponent of the proposed 
Texas Water System. Conceptually, the Texas Water System would oonserve 
and oontrol water fran 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 rot diverted for use, properly treated and managed 
return flows, unregulated runoff of major rivers below reservoirs and 
runoff fran adjacent coastal areas, and precipitation that falls directly 
on the bays and estuaries. . 

Although the Texas Water Plan tentatively provides a specific CIl'Ount of 
supplemental water inflow for estuaries on an annual basis, it was, (and 
is still) clearly reoognized that the amount·specified is rot more than a 
preliminary estimate. FurtheIllOre, the optimum seasonal and spatial 
distribution of these supplemental inflows oould not be determined at 
that time because of insufficient knowledge of the estuarine eoosystems. 

Attention must be given to the possibiiities 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. Developnent of institutional arrangements \\hereby 
repayment criteria for such allocated storage are determined and asso­
ciated oosts repaid will be needed. El::>tential transbasin diversions to 
convey "surplus" freshwater fran "water-rich" hydrologic systems to 
water-deficient estuaries will. also have to be studied and costs will 
have to be oomputed. Additionally, structural rreasures and dlanneLmodi­
fications 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. 

(2) Elimination of Water Pollutants. The presence of toxic pollutants 
in freshwater inflows can have a detrimental effect upon productivity of an 
estuarine eoosystem by suppressing biological activity. Historically, pollu­
tants have been discharged into rivers and streams and have oontaminated the 
coastal estuaries. Imposition of wastewater discharge and streamflow water 
quality standards by State and Federal governmental agencies has had and will 
continue to have a significant impact upon pollutants entering estuarine 
waters. Presence of toxic pollutants in the Texas estuaries will continue for 
the foreseeable future in some areas as oompounds deposited in sediments 
become resuspended in· the wateroolumn by dredging activities and \\hen severe 
storms cause abnormally strong currents. This report does not include a oam-. 
prehensive assessment of water pollution problems in the Trinity-San Jacinto 
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 contnbution of nutrient materials from the land areas sur­
rounding Texas estuaries. In coastal areas, significant contributions of 
nutrients are provided to the estuary by direct runoff. Re!roval of marsh 
grasses in coastal areas through overgrazing by livestock and through drainage 
improvement practices can result in substantial reductions in the volume of 
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nutrients contributed to an estuary. '!his report OOes not consider land 
management techniques in detail, although land management is an alternative 
technique in any coastal zone management plan. 

Surnnary 

'!he ~1s10n of sufficient freshwater inflow to Texas bays and estuaries 
is a vital .factor in maintaining estuarine productivity and a factor con­
tributing to the near-shore fisheries ~oductivity of the Gulf of Mexico. '!he 
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 ~ocesses were developed· based upon !;hysical relationships and 
field data collected from the system, and utilized to assess effects of 
freshwater inflows. 

Simplifying assumptions mus:t be made in order to estimate freshwater 
inflow requirements necessary to sustain Texas estuarine ecosystems. A basic 
premise described in this report is that freshwater inflow and estuarine 
productivity can be examined through analysis of certain "key indicators." 
The key !;hysical and chemical indicators include freshwater inflows, circula­
tion and salinity patterns, and nutrients. Biological indicators of estuarine 
productivity include selected oornmercially 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 inflows. 

An estuarine inflow model is used in these studies to estimate the month­
ly freshwater inflows necessary to meet three specified fish harvest (pro-

. duction) objectives subject to the maintenance of salinity limits for selected 
organisms. Where seasonal needs compete between estuarine-dependent species, 
a choice must be made to give ~eference 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 fresh­
water needs of the estuary. 
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OlAPl'ER III 

DESCRIPl'ION OF' 'IHE ES'lUARY AND 'IHE SURR)UNDIN:; AREA 

Physical Characteristics 

Introduction 

The Trinity-San Jacinto estuary oovers about 600 square miles (1,600 
square kilometers) and includes East Bay, Galveston Bay, Trinity Bay, West Bay 
and several smaller bays (Figure 3-1). Water depth at mean low water varies 
from less than six feet (1.8 m) in West Bay to Oller 10 feet (3.1 m) in Galves­
ton Bay. Depths in the dredged dlannels range up to 40 feet (12 m). 

The' study area lies in the Upper Coast climatolCXjical division of Texas 
in the warm temperate' zone. Its climatic type is classified as subtropical 
(humid with warm sumners). The climate is also predominantly marine tecause 
of the proximity of the Gulf of Mexioo. Polar Canadian air masses frequent 
the basin in winter causing brief periods of' 0001, foggy and rainy weather 
( 373) • 

Rainfall is fairly evenly distributed throughout the year. Excessive 
rainfall can occur in a short time period when slow-moving thunderstorms or 
tropical disturbances pass Oller the area in late sumner. 

Influence of Contributory Basins 

Drainage areas oontributing inflow to the Trinity-San Jacinto estuary 
include the Trinity and San Jacinto River Basins, the Trinity-San Jacinto 
Coastal Basin, and parts of the Neches-Trinity and San Jacinto-Brazos Coastal 
Basins (Figure 3-2). 

The Trinity River Basin, largest of the oontributory basins, has a total 
drainage area of 17,969 square miles (46,540 km2). Fran its headwaters in 
southeastern Archer County, the West Fork Trinity River flows in a oouth­
easterly direction to its oonfluence with the Clear FOrk Trinity River near 
downtown Fort W:lrth. From here, the West Fork Trinity oontinues in a general­
ly easterly direction until its merger with the Elm Fork Trinity River in the 
eastern part of the City of Dallas. At this ]:Oint, the Trinity River begins 
and flows in a southeasterly direction to Trinity Bay. Major tributaries of 
the West FOrk include Clear Fork Creek, Village Creek, and Mountain Creek. 
Major tributaries of the Elm Fork Trinity River include Spring Creek, Clear 
Creek, and Denton Creek. Major tributaries of the Trinity River telow the 
confluence of West Fork and Elm Fork include Mlite Rock Creek, East Fort 
Trinity River, Cedar'Creek and Richland Creek. 

Average annual runoff in the upper Trinity River Basin ranges from about 
1 50 acre-feet per square mile ( 714 .3 m3/ha) in the headwaters of the West 
Fork to 400 acre-feet per square mile (1,905 m3/ha)· in the headwaters of the 
East Fork. Average annual runoff in the middle of the basin is about 300 

III-l ' 



AN JACINTO RIVER 

95°00' 
I.H. 16 TRINITY 

RIVER 

TRINITY BAY 

San Luis 
Pass 

\ 
\ 
\ 
\ _____ HOUSTON 
'-..---- SHIP 
\ CHANNEL 
\ 
\ 

\ 
\ 

\ 
\ 

\ 
\ 

\ 
\ 

\ 
\ 

\ 

LAKE ANAHUAC 

o 
ANAHUAC 
NATIONAL 
WI LOll FE 

0,=====',====="10 MILlS 

O,====",,',======iM!lKHJ)iItII£TEItS 

Figure 3-1_ Trinity-San Jacinto Estuary 

. III-2 



INDEX MAP 

o 30 60 Kilometers 

o 30 60 Miles 

S"'~ J"CII!TO­
BRAZOS 

Figure 3-2_ Basins Contributing to the Trinity-San Jacinto Estuary 

III-3 



acre-feet per square mile (1,222.9 m3/ha) and increases to CNer 550 acre­
feet per square mile (2,619.4 m3/ha) near the nouth. However, during the 
drought year of 1956 average annual runoff for the entire basin was less than 
60 acre-feet per square mile (285.8 m3/ha). . 

The San Jacinto River basin has a to~in~~ ;rea of 3,976 square 
miles (10,298 km2). The two major branches ofe-S acinto River include 
the West Fork and East Fork with drainage areas of 1,750 and 1,050 square 

. miles (4,532 lan2 and 2,720 km2), respectively. . Average annual runoff is 
about 350 acre-feet per square mile (1 ,667 m~/ha) within the city limits 
of Houston, Texas. The lowest runoff rate also occurred in 1956 with a basin 
average of about 70 acre-feet per square mile (333 m3/ha). 

Contributing areas of the Neches-Trinity Coastal Basin are bounded on the 
east by the drainage area of Oyster Bayou. Total drainage area contributing 
to the estuary system is 430 square miles (2,048 m3/ha). 

Total drainage area of the Trinity-San Jacinto Coastal Basin is 247 
square miles (640 km2 ). The major stream in this area is Cedar Bayou. 

Total drainage area rontributing runoff in the San Jacinto-Brazos Coastal 
Basin to the estuary is 961 square miles (2,489 km2). This basin is bounded 
on the west by the drainage area of Chocolate Bayou. Major streams within 
this roastal area include Clear Creek, Dickinson Bayou, Moses Bayou, Highland 
Bayou, Hells Bayou and Mustang Bayou. 

Most of the roastal basins are less than 25 feet (7.5 m) above rrean sea 
level. The drainage is poorly defined and is affected by irrigation and 
drainage canals. Runoff generally exceeds 900 acre-feet per !:quare mile 
(4,286 m3/ha). 

There are a total of 35 major reservoirs existing or under construction 
within the contributing area of the Trinity-San Jacinto estuary (Table 3-1). 

Geologic Resources 

Sedimentation and Erosion. The Trinity-San Jacinto estuary's main rource of 
sedunent is the Tr1nity River. Headwaters of the Trinity River carry sediment 
ranging from 0.70 acre-feet/square mile (3.33 m3/ha) to 1.06 acre feet/ 
square mile (5.05 m3/ha) annually as it flows through the North Central 
Prairie, Western Cross Timbers, Grand Prairie, and Eastern Cross Timbers phy­
siographic provinces (262, 273). Within the Blackland Prairie the annual 
sediment production rate is 0.77 to 0.85 acre-feet/square mile (3.7 to 4.1 
m3/ha). As the Trinity River flows southward into the East Texas Timber­
lands the annual sediment production rate decreases to 0.16 acre-feet/ !:quare 
mile (0.76 m3/ha). The East Fork of the San Jacinto River contributes an 
average of 0.037 acre-feet/square mile (0.18 m3/ha) of sediment annually. 
Most, if not all, of this sediment is trapped by Lake Houston thus keeping it 
from entering Galveston Bay (274). 

As the Trinity River enters Trinity Bay flow velocities decrease and the 
sediment transport capability is reduced; thus, sediment is deposited near the 
headwaters, forming a bay-head delta. The delta which formed at the mouth of 
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Table 3-1. Reservoirs of Contributing Basins, Trinity-San Jacinto Estuary 

---------------- ---------------------------------------------: : : : : 
Reservoir Type of Year Dam Surface Conservation Conservatioo Floo:'i Control Total Storage 

Name Use(s) ~ Completed Area b/ : IDol Elevation , RJol Storagec/: Storage , thousand ac-ft 
Acres- ft (msl) , thousard ac-f"t: thousaOO ac-ft 

--_._-- ------- - --~------- - ----:------ ---.-.--~------ - -----:..-------- -- -.-.. :-------------!--------- --- .-:-------------------

Trinitl: River Basin 

BridgefOrt W.S.,R 1932 13,000 836.0 38'6,420 386,420 
AIron G. carter W.S.,R 1956 1,540 920.0 20,050 20,050 
Eagle M::>untain W.S.,R 1932 9,200 649.1 190,460 190,460 
"'rth W.S.,R 1914 3,560 594.3 38,130 38,130 
Weatherford W.S.,R 1957 1,210 896.0 19,470 19,470 
Benbrook W.S. ,R,F .C. 1950 3,770 694.0 88,250 76,550 164,800 
Arlington W.S.,R 1957 2,275 550.0 45,710 45,710 
Lakeview d/, f/ W.S.,R 7,470 522.0 176,900 127,100 304,000 
M::>untain creek W.S.,R 1936 2,710 457.0 22,840 22,840 
Kiowa R 1970 560 700.0 7,000 7,000 
Lewisville W.S.,F .C.,R 1955 23,280 515.0 464,500 525,200 989,700 
Grapevine W.S.,F.C.,R 1952 7,380 535.0 188,550 246,950 435,500 
North e/ W.S.,R 1957 800 510.0 17 ,000 17,000 
White Rock W.S.,R 1911 1,119 458.0 10,740 10,740 
Lavon W.S.,F .C.,R 1953 21,400 492.0 456,500 291,700 748,200 
Ray Hubbard W.S.,R 1969 22,745 435.5 490,000 490,000 
Trinidad ~ W.S.,R 1925 740 284.5 7,450 7,450 
Terrell W.S.,R 1955. 830 504.0 8,712 8,712 
Forrest 

Grove e/,d/ W.S.,R 1,502 359.0 20,038 20,038 
Cedar Creek- W.S.,R 1966 33,750 322.0 679,200 679,200 
Waxahachie W.S.,R 1956 690 531.5 13,500 13,500 
Bardwell W.S.,F .C.,R 1966 3,570 421.0 54,900 85,100 140,000 
Halbert W.S.,R 1921 650 ,368.0 7,420 7,420 
Navarro Mills W.S. ,F.C.,R 1963 5,070 424.5 63,300 148,900 212,200 
Pairf ield e/ W.S.,R 1969 2,350 310.0 50,600 50,600 
Houstoo County W.S.,R 1966 1,282 260.0 19,500 19,500 
Livingston W.S.,R 1969 82,600 131.0 1,750,000 1,750,000 
Wallisville ij W.S.,R 19,700 4.0 58,000 58,000 
Anahuac ~ Ir. 1914 5,300 5.0 35,300 35,300 

San Jacinto River Basin 

Lewis Creek ~ W.S.,R 1969 1,010 267.0 16,400 16,400 
Conroe W.S.,R 1973 20,985 201.0 430,260 430,260 
Houston W.S.,R 1954 12,240 43.8 146,700 146,700 
Sheldon W.S.,R 1943 1,700 50.5 5,420 5,420 
Barker F.C. 1945 207,000 207,000 
Mdicks F.C. 1948 204,500 204,500 

a,r-lV:8.-~lVa£ei -SLippTyTmay -filcTude-municipar~- -manufiic£Liifrig ;-frr'igatToo; -s£eciii -e1"ectiic--to~i -aooloi -riifrifiij" -useS} - - -- - - - - --
- R. - Recreation 

F .C. - Flood control 
Ir. - Irrigation only 

h/ At conservation pool elevation 
0/ Includes sediment storage 
d/ Under construction 
e/ Off channel reservoirs depending upon diversions from adjacent streams and/or reservoir releases for firm supply 
!I Land purchase initiated only 



the Trinity River is of a type ~ich develops'tmder oonditions of high sedi­
ment inflow into a relatively quiescent body of water (i.e., Trinity Bay). 

The major marsh areas in the Trinity-San Jacinto estuary are associated 
with deltas. Delta plains' are oovered with fresh, brackish, and saline 
marshes. In order for marshes to propagate there must be a balance between 
sediment deposition and compactional subsidence. If there is excessive ver­
tical accretion, marsh vegetation is replaced by mainland grasses, shrubs, and 
trees. Where subsidence is more rapid than deposition, the plants drown and 
erosion by waves and currents deepen the marsh to form lakes or enlarged bay 
areas. At present, marsh surface-water level relationships of the Trinity 
delta are stable. Sedimentation rates and subsidence apparently are near 
equilibrium. other important sources of estuarine sediments include: 

( 1 ) Direct runoff or drainage from oontiguous land and marsh areas to 
the estuary; 

(2) Wind blown sediments, important in areas near sand dtmes and non­
urbanized areas; and 

(3) Normal ecological and biological processes producing organic sedi­
ment from the marine life and aquatic vegetation, often making up a 
large percentage of total estuarine sediments. 

The mainland shore is characterized by near vertical bluffs cut into 
Pleistocene sand, silt, and mud (Figure 3-3). Erosion of these bluffs fur­
nishes sediment to the a:1jacent lakes, marshes, and bays. The type of sedi­
ment deposited depends on ~ether the a:1jacent bluff is canposed of' pre­
dominantly sand or mud. Energy levels (erosional capacity) in the Trinity-San 
Jacinto estuary are dominated by wind action since the range of astronomical 
tides is only bout 0.5 foot (0.15 m); Winds blowing across the bay generate 
tides of two or three feet (0.6 or 1 m) and cause a change in water level at 
the shoreline (302). These changes in water levels produced by the wind are 
called wind tides. 

Shoreline and vegetation changes within the Tririity-SanJacinto estuarine 
system and in other areas of the Texas Gulf Coast are the result of natural 
processes (305, 302). Shorelines are in a state of erosion, accretion, or are 
stabilized either naturally or artificially. Erosion produces a net loss in 
land; accretion produces a net gain in land; and equilibrium oonditions pro­
duce no net change in land area. 

Most of the shoreline areas associated with the Trinity-San Jacinto 
estuary are balanced between erosion and deposition (Figure 3~4). The nature 
of beaches is an indicator of the extent of shoreline stability. Sediments of 
the mainland beaches are a mixture of sand, shell, and rock fragments, with 
shell and rock fragments the ITDst corrmon oonstituents. This is an indication 
that little sand is currently being supplied to these beaches by rivers. 

Processes that are responsible for the present shoreline oonfiguration 
and that are oontinually modifying shorelines in the Trinity-San Jacinto 
estuary include astronomical and wind tides, longshore currents, normal 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 shoreline. Wind is a 
major factor in influencing ooastal processes. It can raise or lower water 
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level along the Gulf and/or mainland shore according to the direction it is 
blowing. Wind also generates waves and longshore currents (205, 11 0, 344). 

The seasonal threat of wind and water damage associated with tropical 
cyclones occurring in the Gulf of Mexico exists each year from June through 
October. Wind damage from hurricanes and associated tornadoes can be CXlstly, 
but the most severe losses occur from the flooding brought by heavy rains and 
high storm surges along the Coast. Gulf and mainland shorelines may be 
drastically altered during the approach, landfall, and inland passage of hur­
ricanes (110, 227). Storm surge flooding and attendant breaking waves may 
erode Gulf shorelines tens to hundreds of feet. washovers along the barrier 
islandS and peninsulas are COII'IIlOn, and salt-water flooding may be extensive 
along the mainland shorelines. 

Flooding of rivers and small streams normally corresponds with spring 
thunderstorms and the hurricane season. 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. 

Mineral and Energy Resources. Resources of the Texas coastal ~ne include oil 
and natural gas (Figure 3-5), ~ich serve not only for fuel but also provide 
raw material for many petrochemical processes. 

The production of oil, natural gas, and natural gas liquids plays a 
prominent role in the total economy of the area surrounding the Trinity-San 
Jacinto estuary (301). In addition to the direct value of these minerals, oil 
and gas production supports major industries within the area and elsewhere in 
the coastal zone by providing readily available fuelS and raw materials. 

Notably absent in the Texas coastal ~ne are natural aggregates and bulk 
construction materials (e.g., gravel and stone for crushing). At the same 
time the demand for these materials is high in the heavily populated and 
industrialized areas of the coastal ~ne; therefore, a large portion of such 
materials must be imported from inland sources. Shell from the oyster 
Crassostrea, and smaller amounts from the clam Rangia is used as a partial 
substitute for aggregate. Some high quality sand deposits have potential 
specialty uses in industry, such as for foundry sands, glass sands, and 
chemical silica (304). 

Dredged shell, with physical properties suitable for use as aggregate and 
road base, has dlemical properties suitable for lime, cement, and other 
chemical uses. If shell were not used, these resources \\Ould have to be 
transported approximately 170 miles (270 km) fran the nearest Central Texas 
source. Shell resources are finite, and at present rates of consumption they 
will be depleted in the near future. Substitute materials will then have to 
be imported, either from inland oources or by ocean barge fran more distant 
locations. 

Groundwater Resources. Groundwater resources in the area of the Trinity-San 
Jacinto estuary occur in a thick sedimentary sequence of interbedded gravel, 
sand, silt, and clay. '!he stratigraphic units included in this sequence are 
the Jackson Group, the Catahoula, Oakville and Goliad Formations of Tertiary 
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Age and the Lissie and Beaumont Fbrmations of Quaternary Age. These ancient 
sedimentary units are not uniform in composition and thickness, but 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 \\hich were deposited by the 
overbank flooding of ancient rivers. Individual beds of predominantly sand 
and clay interfinger with each other and generally are· hydrologically con­
nected laterally and vertically. Because of this interconnection, groundwater 
can IlOve from one bed to another and from one formation to. another. The 
entire sequence of sediment with the exception of the Jackson Group, functions 
as a single aquifer, \\hich is referred to as the Gulf Coast Aquifer. 

Near the Trinity-San Jacinto estuary this fresh (up to 1,000 mg/l total 
dissolved solids) to slightly saline (1,000 to 3,000 mg/l total dissolved 
solids) portion of the aquifer extends to a maximum depth of about 3,000 feet 
(914 m). The IlOSt productive part of the aquifer is fran 400 to 1,200 feet 
(122 to 336 m) thick (277). 

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 degrading the 
general groundwater quality. The principal effects of subsidence are activa­
tion of surface faults, loss of ground elevation in critical low-lying areas 
already prone to flooding, and alteration of natural slopes and drainage pat­
terns (Figure 3-6). 

Natural Resources 

The Texas coastal zone is experiencing geological, hydrological, bio­
logical and land use changes as a result of man's activities and natural 
processes. What was once a relatively undeveloped expanse of beach along 
deltaic headlands, peninsulas, and barrier islands is presently undergoing 
considerable development. Canpetition for space exists for such activities as 
recreation, seasonal and permanent oousing, industrial and canmercfal develop­
ment, and mineral and other natural resource production (305). 

The Trinity-San Jacinto estuary includes areas in both the Coastal 
Prairie and the Coastal Marshland resource areas (373). The native vegetation 
consists of coarse grasses with a narrow fringe of trees along the streams. 
Much of the area is in urban and industrial land use (Figure 3-7). The City 
of Houston and the petro-chemical industrial complex are the predominant fea­
tures of the surrounding area. Marshes are confined to strips along the coast 
and inlets, with vegetation composed of saltgrass, cordgrass and spikesedge. 
Soils are generally acid, oometimes saline, clays and loams. Pines grow on 
the well-drained upland with some hardwoods along the streams. 

Agricultural land use includes irrigation of rice, dryland crops, and 
ranching activities (269, 376). Results of rice irrigation return flow 
studies (379) indicate that about 30 percent of the water applied for irriga­
tion returns as surface flow to the drainage system. Soybeans are the major 
dryland crop with small acreages of grain sorghum and cereal grains. 
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In the mediate vicinity of the Trinity-San Jacinto estuary, the U. S. 
Department of the Interior manages the Anahuac National Wildlife Refuge. In 
addition, the State of Texas has a fish hatchery, three State parks and the 
Sheldon Wildlife Management area. Archeological sites within the area inch­
cate utilization of the region from the Archaic to Historic stages (370). 
Important historic sites (Figure 3-8) include the Presidio San Augustin de 
Ahumada and the Mission Nuestra Senora de la Luz. Founded in late 1756 or 
early 1757, both the mission and presidio \<obich were established for the con­
version of the Bidai and Orcoquizac Indians were officially discontinued in 
1772 (297, 298, 378). . 

Natural resources of the Trinity-San Jacinto estuary system and adjoining 
inland areas provide a wide variety of recreational opportunities for visitors 
to the area. Water-oriented recreational activities such as fishing, boating, 
skiing, and swimming are amply available to the recreationists, with approxi­
mately 357.5 thousand surface acres (144,676 ha) of bay water for recreational 
use. The fishing resources of the bay system include many fish species pre­
ferred by sport fishing enthusiasts. Sports creel studies conducted by the 
Texas Parks and Wildlife Department (284, 295) estimate that sport fishermen 
caught rrore than 3.2 million fish (all species) totaling CNer 2.8 million 
pounds (1.2 million kg) during the period September 1974 through August 1975. 
Over 75 percent of the species composition of the sport harvest (number of 
fish) was attributed to three species: (1) Atlantic croaker (26.6 percent); 
(2) spotted seatrout (25.7 percent); and (3) sand seatrout (22.6 percent). 
Other species included red drum, black drum, oouthern flounder, sheepshead" 
and gaff topsail. Spotted seatrout accounted for 39.9 percent of the· harvest 
by weight. 

Inland areas and marshes contiguous to the Trinity-San Jacinto estuary 
system provide terrestrial and aquatic habitat for many species of wildlife 
including the endangered American alligator, the \<obooping crane, the Atlantic 
ridley turtle, the brown pelican, and the Houston toad. Wildlife resources of 
the area enhance the opportunities for sightseeing, nature studies, and esthe­
tic benefits accruing to the naturalists. In addition, rrore than 149 thousand 
acres (60,298 ha) of marshland are available to outdoor sportsmen for hunting 
opportunities. These marsh areas support populations of migratory game birds 
for the hunting enthusiasts. I 

The Trinity-San Jacinto estuary system has historically been the CNeiall 
leading fisheries resource base in Texas. The annual camnercial bay harvbst 
of finfish and shellfish in this estuary has averaged 8.9 million p:>unds (:4.1 
million kg; 96.1 percent shellfish) during the 1962 through 1976 interval. 
However, a large p:>rtion of each estuary's production of fish and shellfis~ is 
caught in the Gulf by OOIlU1lercial and sport fishermen. When these harvests ;are 
considered, the total contribution of the estuary to the Texas coastal fish­
eries (all species) is estimated at 46.7 million p:>unds (21.2 million kg; 87.4 
percent shellfish) annually for a recent five year period (1972-1976). 
Penaeid shrimp species dominate the shellfish harvests. 

Data Collection Program 

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 independent of 
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one another. '!be data rollected mder any me program were oot canprehensive, 
and since sampling and measurement of environmental ana ecological parameters 
under different programs were rot· accomplished simultaneously, the resulting 
data rould rot be reliably rorrelated. In SJIlle estuaries, virtually 00 data 
had been rollected. 

A program was therefore initiated by the Department, in cooperation with 
other agencies, to rollect the data .ronsidered essential for analyses of the 
physical and water quality dlaracteristics and ecosystems of Texas' bays and 
estuaries. To begin this program, the Department ronsulted with the u. S. 
Geological Survey and initiated a reconnaissance-level investigation program 
in September ·1967. Specifically, the initial objectives of the program were 
to define: (1) the occurrence, source and distribution of nutrients; (2) cur­
rent patterns, directions, and rates of water movement; (3) physical, organic 
and inorganic water dlaracteristics; and (4) the OCcurrence, quantity, and 
dispersion patterns of water (fresh and Gulf) entering the estuarine system. 
To avoid duplication of w:)rk and to promote 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 Department has oontinued to 
collect data in all estuarine systems of the Texas Coast (Figures 3-9 and 
3-10, 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 
reasonably ronstant hydrologic, meteorologic, and tidal oonditions. In addi­
tion, a time history of tidal amplitudes and salinities at various locations 
throughout the bay· was necessary. . Canprehensive field data oollection was 
undertaken on the Trinity and San Jacinto estuary on July 20-23, 1976. Tidal 
amplitudes were measured simultaneously at numerous locations throughout the 
estuaries (Figure 3-9). Tidal flow measurements were made at several dif­
ferent bay cross-sections. In addition, ronductivity data were rollected at 
many of the sampling stations shown in Figures 3-9 and 3-10. Studies of past 
and present freshwater inflows to Texas' estuaries have used all available 
sources of information on the physical, dlemical, and biological dlaracter­
istics of these estuarine systems in an effort to define the relationship 
between freshwater and nutrient inflows and estuarine environments. 

Economic Characteristics 

Socioeconanic Assessment of Adjacent Counties 

The econanic significance of the natural and man-made resources asso­
ciated with the Trinity-San Jacinto estuary is reflected in the direct and 
indirect linkages of the bay-supported resources to the econanies of Brazoria, 
Chambers, Galveston and Harris Counties. Trends in p:>pulation, earnings by 
industry sector, and personal income levels are presented for the four 
counties. 

EO;>ulation. The p:>pulation of the four county study 
o approximately 2.3 percent annually between 1970 
Harris Counties grew the fastest, at average annual 
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Table 3-2. U. S. Geological Survey (USGS) or Corps of Engineers (COE) Gages, 
Trinity-San Jacinto Estuary 

Station 
Nt.nnber 

42540 

66500 

67500 

68000 

68520 

69000 

69720 

70000 

70500 

71000 

73700 

74150 

74250 

74500 

Pericxr--:--
Station Description of Operating 

Record Entity . . . 
Type of 
Record 

--'------- ---------_. -------------:.--------
Stream Gages 

East Bayou nr. Stowell, Tx. 

Trinity River at Romayor 

Cedar Bayou nr. Crosby, Tx. 

West Fork San Jacinto River 
nr. Conroe 

Spring Creek at Spring 

Cypress Creek nr. Westfield 

Lake Houston nr. Sheldon 

East Fork San Jacinto River 
nr. Cleveland 

Caney Creek nr. Splendora 

Peak Creek at Splendora 

Piney Creek nr. Piney Point 

Cole Creek at Deihl Road, 
Houston 

Brickhouse Gulley at Costa 
Rica Street, Houston 

Whiteoak Bayou at Houston 

1967-72 USGS 

1924- USGS 

1971- USGS 

1961- USGS 

1939- USGS 

1944- USGS 

1954- USGS 

1939- USGS 

1943- USGS 

1943- USGS 

1963- USGS 

1964- USGS 

1964- USGS 

1936- USGS 

Continuous 
Recording 

Continuous 
Recording 

Continuous 
Recording 

Continuous 
Recording 

Continuous 
Recording 

Continuous 
Recording 

Continuous 
Recording 

Continuous 
Recording 

Continuous 
Recording 

Continuous 
Recording 

Continuous 
Recording 

Continuous 
Recording 

Continuous 
Recording 

Continuous 
Recording 

------------------------------------------------------
( continued ) 
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Table, 3-2. U. S.GeologicalSurvey (USGS) or Corps of' Engineers (COE) Gages, 
Trinity-San Jacinto Estuary (cont 'd.). 

Station : 
. Number· 

75000 

75500 

75730 

75770 

76000 

76500 

76700 

77000 

78000 

67900 

69200 

74550 

75100 

75650 

Station Description 

Brays Bayou at Houston 

'Sims Bayou at Houston 

Vince Bayou at Pasadena 

Hunting Bayou at Hwy. 610 

Greens Bayou nr. Houston 

Halls Bayou at Houston 

Greens Bayou at Ley Road 

Clear Creek nr. Pearland 

Chocolate Bayou nr. Alvin 

Partial Record Stream Gages 

Lake Creek nr. Conroe 

Cypress Creek nr. Humble 

Little White Oak Bayou at 
Houston 

Brays Bayou at Scott Street 

. Berty Bayou at Forest Oaks 
Street .. 

: PeriOd 
of· 

Record 

1936-

1952-

1971-

1964-

1952-

1952-

1962, 
1964, 
197.1-

1963-

1959-

1968-

1970-

1971-

1971-

1964-
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: 
Operating 

Entity 
Type of 
Record 

----'-------
USGS 

USGS 

USGS 

USGS 

USGS 

USGS 

USGS 

USGS 

USGS 

USGS 

USGS 

USGS 

USGS 

USGS 

Continuous 
Recording 

Continuous 
Recording 

Continuous. 
Recording 

. Continuous 
Recording 

Continuous 
Recording 

Continuous 
Recording 

Continous· 
Recording 

Continuous 
Recording 

Continuous 
Recording 

Limited 
Data 

Limited 
Data 

Limited 
Data 

Limited 
Data 

Limited 
Data 

(continued) 



Table 3-2 •. U. S. Geological' Survey (USGS) or Corps of Engineers (COE) Gages, 
Trinity-San Jacinto Estuary (cont'd.) 

Station 
Number 

4 

5 

6 

7 

8 

9 

10 

11 

12A 

13 

14B 

15 

42545 

67000 

------=Pe~r~iOd-------'-------

Station Description : of 
Record 

Tide Gages 

Railroad Causeway to Mainland 1962-

Galveston Harbor, Ft. Point 1968-

Galveston Bay Entr. Channel, 1962-
So. 

North Texas City Dyke 1962-

Hanna Reef, Moody Pass 1962-

Marsh Point, Sun Oil Channel 1962-

Seabrook, Texas Parks & 1970-
Wildlife 

Trinity Bay, Point Barrow 1962-

Morgan Point, Barbours Cut 1962-65 

Texaco Oil Dock, Galenda Park 1962-

Chocolate Bayou, uost Lake, 1975-
AMOCO Dock 

Highway Bridge, San uouis Lake 1968-

Galveston Bay nr. Marsh Point 1975-76 

Trinity River nr. Liberty 1922-

Operating 
Entity 

Type of 
Record 

~------~--------

mE 

mE 

mE 

mE 

mE 

mE 

COE 

mE 

mE 

mE 

mE 

mE 

USGS 

USGS 

Continuous 
Recording 

Continuous 
,Recording 

Continuous 
Recording 

Continuous 
Recording 

Continuous 
, Recording 

Continuous 
Recording 

Continuous 
Recording 

Continuous 
Recording 

Continuous 
Recording 

Continous 
Recording 

Continuous 
Recording 

Continuous 
Recording 

Continuous 
Recording 

Continuous 
Recording 

,-------------------------------------------
(continued) 
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Table 3-2. U. S. Geological Survey (USGS) or Corps of Engineers (COE) Gages, 
Trinity-San JaCinto Estuary (cont'd.) 

Station 
Number 

. . Station Description 
Period 

of 
Record 

-----=----
67110 

67113 

67117 

67210 

67230 

67725 

67260 

67301 

67310 

697205 

74700 

74800 

77650 

77700 

Big Caney Creek nr. Mont 1976-77 
Belvieu 

'Sulfur Barge Carial nr. Wallis- 1976-77 
ville 

Lake Charlott nr. Wallisville 1976-

Old River nr. Mont Belvieu 1977-

Old River Lake nr. Wallisville 1976-

Lost River nr. Wallisville 1976-

Old River Cutoff Channel nr. 1976-
Wallisville 

Anahuac Channel at Anahuac 1976-

Galveston Bay nr. Crystal Beach 1975-76 

San JaCinto nr. Sheldon 1970-

Buffalo Bayou at 69th Street, 1961-
Houston 

Keegans Bayou at Roark Rd., 1964-
Houston 

Moses Lake - Galveston Bay nr. 1967-
Texas City 

Highland Bayou at Hitchcock 1963-
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Operating 
Entity 

USGS 

USGS 

USGS 

USGS 

USGS 

USGS 

USGS 

USGS 

USGS 

USGS . 

USGS 

USGS 

USGS 

USGS 

Type of 
Record 

Continuous 
Recording 

Continuous 
Recording 

. Continuous 
Recording 

Continuous 
Recording 

Continuous 
Recording 

Continuous 
Recording 

Continuous 
Recording 

Continuous 
Recording 

Continuous 
Recording 

Continuous 
Recording 

Continuous 
Recording 

Continuous 
Recording 

Continuous 
Recording 

Continuous 
Recording 



2.4 percent, respectively; while Chambers and Galveston Counties increased at 
more rrodest rates of 1.0 percent and 1.4 percent annually. During the same 
period, the State of Texas was gaining population at an annual growth rate of 
1 .7 percent. 

In 1975, the population of the four oounty area was 2,279,400. Harris 
County acoounted for 86.1 percent followed by Galveston County with almost 
eight percent. Population forecasts for the period 1970 to 2030 indicate that 
the population of the study area can be expected to increase 214 percent by 
the year 2030. Harris County is projected to remain the nest populated oounty 
in the area, and also the second fastest growing, with an annual rate of. 
growth (2.0 percent) exceeded only by Brazoria County (2.1 percent) . 
Estimates of future population for the four oounty area are presented in Table 
3-3. 

Inccrne. Real personal inccrne for the four oounty study region ccmprised 
approximately 21 percent or $7.52 billion of the state's estimated personal 
inccrne in 1970. Harris County accounted for nere than 87 Percent of the 
regional estimate, followed by Galveston (7.8 percent), Brazoria (4.6 
percent), and Chambers (.6 percent). 

Employment. In 1970, an estimated 820,862 persons were anployed in the study 
area, and almost 87 percent of these (711,749) worked in Harris County. 
Chambers County had the lowest anployment, only 0.5 percent of the regional 
total. 

Seventy-six percent of the region's anployed labor force is distributed 
anong eight major industrial sectors (Table 3-4). More IoOrkers are involved 
in wholesale and retail trade than any other sector -- over 182 thousand or 
22.2 percent of the total. Manufacutring is also a major anployer in the 
area, accounting for 168 thousand IoOrkers, Oller 20 percent of the labor 
force. 

Industry. The "basic" industries in the area, i.e., those I>hich produce 
tangible output largely for export, are manufacuturing, agriculture-forestry­
fisheries, and mining (Table 3-5). These sectors account for Oller 24 percent 
of all anployment in the study area. In oodition to the basic sectors are the 
service sectors: wholesale and retail trade, professional services, oonstruc­
tion, civilian government, and amusement and recreation. These sectors anploy 
over 52 percent of the region's IoOrkers. The service sectors provide goods 
and services to the basic industries as well as to the general public and are, 
in varying degrees, dependent upon them. 

The most important basic sector of the regional econcrny, in terms of 
total earnings, as well as anplo0nent, is manufacturing (Table 3-5). Most of 
the manufacturing activity is ooncentrated in the production of machinery 
products, chemicals and petroleum refining and related products. 
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Table 3-3. POpulation Estimates and Projections, Area Surrounding Trinity-San Jacinto Estuary, 1970-2030 (272) 

1970-2000 1970-2030 
County 1970 1975 1980 1990 2000 2010 2020 2030 Annual % Annual % 

O1anqe Olange 

Brazoria 108,312 122,800 140,300 176,900 218,400 262,500 314,500 375,000 2.4 2.1 
Annual % Change 2.5 2.7 2.3 2.1 1.9 1.8 1.8 

Chambers 12,187 12,800 13,600 14,900 16,500 18,600 21,500 25,700 1.0 1.3 
Annual % Change 1.0 1.2 .92 1.0 1.2 1.5 1.8 

Galveston 169,812 182,000 197,200 226,000 257,600 291,600 333,500 384,800 1.4 1.4 
ArulUal % Change 1.4 1.6 1.4 1.3 1.3 1.4 1.4 

Harris 1,741,912 1,961,800 2,243,400 2,763,500 3,357,100 4,005,300 4,746,200 5,601,300 2.2 2.0 
Annual % Change 2.4 2.7 2.1 2.0 1.8 1.7 1.7 

Area Total 2,032,223 2,279,400 2,594,500 3,181,300 3,849,600 4,578,000 5,415,700 6,386,800 2.2 1.9 
Annual % Change 2.3 2.6 2.1 1.9 1.7 1.7 1.7 

H 
H 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 1.6 H 1.7 
I 

N 
Annual % Change 1.7 1.9 1.5 1.6 1.7 1.7 1.8 

lJ1 



Table 3-4. Einployment by Industrial Sector, Area Surrounding Trinity-San Jacinto Estuary, 1970 (266) 

1970 --- -.-- -Percent : 
of Total 

Employment 
: .. of Study 

Sector. . Brazoria Chambers Galveston Harris lbtal Area 

Wholesale and Retail Trade ·6,707 974 12,225 162,540 182,446 22.2 

Manufacturing 11,765 521 13,156 143,039 168,481 20.5 

Professional Services 5,483 604 13 ,087 115,339 134,513 16.4 

Construction 5,303 507 6,390 63,348 75,548 9.2 

Agriculture, Forestry, and 
.... Fisheries 1,475 587 1,033 5,666 8,761 1 • 1 .... .... 
I Mining 975 342 629 20,246 22,192 2.7 IV 

'" Civilian Government 468 166 3,213 24,617 29,469 3.6 

Amusement and Recreation 180 4 464 5,729 6,377 • 78 

All Other 6,455 586 14,814 171,225 193,080 23.5 

lbtal 39,811 4,291 65,011 .711,749 820,862 100.0 

----------------------------- -- -----------.- ---------



Table 3-5. Earnings by Industrial Sector, Area ,surrounding Trinity-San Jacinto Estuary, 1970 ( 265) 

1970 
Percent 
of Total 
Earnings 

: : : : Area : in Study 
Sector : Brazoria Chambers Galveston Harris Total Area 

(Thousands of 1967 I:k:>llars) 

Wholesale and Retail Trade 35,926 5,425 67,132 1,169,536 1,278,019 19.9 

Manufacturing 98,738 4,116 103,565 1,288,845 1,495,264 23.2 

Professional ServiCes 19,516 2,235 47,754 551,470 620,975 9.6 

Construction 34,944 3,474 43,166 560,727 642,310 10.0 

H Agriculture, Forestry, and 
H 
H Fisheries 6,342 2,624 4,554 32,725 46,246 .72 I 

'" -J 
Mining 10,219 3,727 6,758 285,038 305,741 4.7 

Civilian Government 26,456 3,111 59,359 595,922 684,847 10.6 

Amusement and Recreation 709 17 1,873 30,300 32,899 .51 

All Other 32,9~6 2,937 81,742 1,213,186 1,330,801 20.7 

County Totals 265,785 27,666 415,902, 5,727,749 6,437,102 100.0 

-- ~-



'!be mineral wealth of the area is also an important factor in its econ­
omy. In 1976, the four counties produced over $1.5 billion "-Orth of oil, gas, 
stone, clay, sand and gravel, cement, magnesium ,and lime. 'Ibese mineral 
products supply raw materials for the petroleum refining and petrochemical 
industries and other manufacturers, as well as inputs for the construction 
sector of the economy. 

The area surrounding the Trinity-San Jacinto estuary produces a signifi­
cant portion of the coastal region's agricultural output, with 1977 annual 
receipts from crops and livestock of $108.2 million. All four counties were 
rice and soybean producers; other major regional crops were grain sorghum, 
cotton and corn. Crop production accounted for 72 percent of regional farm 
income, and the remaining 28 percent originated from livestock and poultry 
enterprises. In crldition, the bay-supported commercial fishing industry pro­
vides fish and shellfish seafoods to local and regional markets. 

Summary. The four county area possesses abundant natural and man-mcrle re­
sources. Examination of projected trends in population, industrial composi­
tion and earnings, and personal income provides an insight into the future 
course of the area's economy. Just as the current strength of the economy can 
be attributed to the diversity of the area's industrial structure, the future 
health of the region will depend on the extent to W1ich such diverse indus­
trial activities as manufacturing, agriculture, tourism, cxmnercial fishing, 
and oil and gas mining are able to coexist in the bay environment. 

The economic outlook for the study area is bright due primarily to the 
growth potential of the petrochemical canplex, but also attributable to the 
industry mix and diversity of the region. The manufacturing base of the area 
should broaden and be supported, by large-scale mining, agriCUltural and agri­
business operations. 'Ibis should be accompanied by major increases in employ­
ment and earnings in the trade, service and government sectors of the'regional 
economy. The water-<>riented outdoor recreational potential of the area must 
be expanded as well to keep pace with the rest of the economy. If, this 
potential is not maintained and enhanced, it could slow the economic progress 
of the area and restrict rapidly increasing income ievels and job oppor­
tunities. 

Economic Importance of ~rt and Camnerc;ial Fishing 

Introduction. Concurrent with the biological and hydrological studies of the 
Trinity-San Jacinto estuary system, analyses have been performed to compute 
estimates of the quantities of sport and ccmnercial fishing and the economic 
impacts of these fisheries upon the lOCal and state economies. The sport 
fishing estimates are based upon data obtained throug~ 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 
Trinity-San JaCinto estuary. 'Ibe surveys included: (1) personal interviews; 
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(2) roving counts, and (3) rrotor vehicle license plate counts (295). Personal 
interviews of a sample of sport fishing parties on randanly selected weekend 
days were conducted at major access points to the Trinity-San Jacinto estuary 
for the purpose of obtaining sample data pertaining to fish catch, cost of 
fishing trip, and personal opinion information. Concurrent with the personal 
interview survey, counts of sport fishermen and boat trailers were made at a 
statistically 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 
interview sample and fishermen counts conducted during the period September 1, 
1976 through August 31, 1977 were used in this analysis. A llDtor vehicle 
license plate survey was conducted during. the SUI1ll'er of 1977 to obtain 
additional information on sport fishing visitation patterns by county of 
origin. 

rt Fishin Visitation Estimation Procedures. Estimates 'of total sport 
flshmg parhes were e usmg data obtamed fran the personal' interview 
survey and the fishermen and boat trailer counts fran the roving count survey. 
The fishing party was selected as the unit of measurement because expenditures 
were reported for parties as opposed to individuals. Sample data fran the 
personal interview survey were analyzed to determine the average nunt>er of 
fishermen per party, the average nunt>er of oours fished per party, and the 
proportion of boat fishermen actually fishing in the study area.' Each of 
these average computations was stratified according to calendar quarter and 
fishing strata (boats or wade-bank). 

The roving count sample survey consisted of boat trailer counts at each 
of the designated boat ramps 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 fran 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' Trinity-San Jacinto 
estuary for the study period is stated as follows: 

T = Z + W 

where: 

T = Estimated total annual fishing parties, 
Z = Estimated number of boat· fishing parties, and 
W = Estimated number of wade-bank fishing parties. 

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

4 
Z = 1: zk, (k = 1, 2, 3, and 4 j 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 Trinity-San Jacinto 
estuary for the period September 1, 1976 through August 31, 1977. 
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Zk = Estimated number of boat parties fishing in the Trinity-San Jacin­
to estuary during the kth calendar quarter of the study period.-

4 
W = z; Wkl (k = 1, 2, 3, and 4) as explained above. 

k=1 

where: 

W = Estimated munber of wade-bank parties fishing in the Trinity-San 
Jacinto estuary for the period September 1, 1976 through August 31, 
1977. -

W]{ ':' Estimated number of wade-bank parties fishing in the Trinity-San 
Jacinto estuary during the kth calendar quarter of the study 
period. 

The equation and definitions presented above give the results of the 
sample estimates of the types of fishing in the estuary. The typical quarter­
ly sample analysis and individual canputing methods are stated and defined 
below for the general case, for weekends. Since roITing 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: 

where: 

x, , 
_ f\ . Hk Dk f r N ll'k

J 

Z i=1 J'=1 k = -------=---"'---'---'---:::'"--

Zk = 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, 

Hk = 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 sunrner), 

r = Number of sample boat sites within the study area, 

~ = Weekend days in quarter k, 

. "-= 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 

III-3D 



11k = Average number of oours fished per boat party on weekend days in 
quarter k. 

No data were oollected 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 to boat fishing and pier to boat fishing as observed in 
a 1975 study of Galveston Bay (295). 

These typical terms for each fishing type were sumned as described above 
to obtain the total annual sport fishing visitation estimate in parties. The 
number of persons 'per party, oost per party per trip and oounty of origin of 
each party were also conputed. 

Sport Fishiria Visitation Estimates. Results fran the visitation estimation 
equations in icate that 305.8 thOusand fishing parties visited the estuary 
during the period September 1, 1976 through August 31, 1977

0 
(Table 3-6). Sea­

sonal visitation as a percentage of annual visitation ranged fran a high of 
more than 37 percent for the sunmer quarter to a low of approximately 13 per­
cent during the winter quarter. The distribution of fishing parties by strata 
indicates that wade-bank fishing acoounted for 46.8 percent of annual visita­
tion followed by boat fishing with 45.1 percent (Table 3-6). 

Sport Fishing Visitation Patterns. Although the personal interview informa­
tion included the oounty of residence of the interviewee, the mmtJer of inter­
views (558 in all) was too small to estimate a general visitation pattern to 
the estuary system. Thus, an intensive survey was undertaken in the SlUllller of 
1977 to observe, in oonjunction with the roving oount, the ROtor vehicle 
license plate numbers of fishing parties. Fran the license plate mmi:Jers, the 
vehicle's registration oounty, presumably the fishing party's oounty of 
residence, oould be detennined. In this way, the effective sample size was 
increased. ' 

The results of the survey show that over 86 percent of fishermen at the 
Trinity-San Jacinto 'estuary came from the following five oounties -- Harris 
(61.6 percent of the sunrner 1977 visitation), Galveston (12.8 percent), 
Brazoria (5.6 percent), Jefferson (4.6 percent), and Fort Bend (1.7 percent). 
A ROre general visitation pattern distinction of "local" and "nonlocal" was 
also made. "Local," for the purposes of this study, includes oounties within 
approximately 60 miles of the estuary area. For the Trinity-San Jacinto, 
estuary, these oounties are Brazoria, Chambers, Harris, Galveston, Liberty, 
Waller, Fort Bend, and Montgomery. "Non-local" canprises all' other Texas 
counties and out-of-state visitors. 

Since it is expected that the proportions of local and nonlocal bay sport 
fishennen vary from season to season, an attempt was made to estimate this, 
pattern for seasons other than the slUllller period. The only infonnation avail­
able on visitation patterns for all seasons was the sample of persOnal inter­
view data which, in addition to the small number of observations, was felt to 
be biased toward local parties. Thus, the slUllller license survey visitation 
pattern was canpared to the slUllller interview pattern, for the purpose of 
~uting an adjustment factor. This was applied to the remaining quarters of 
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Table 3-6. Estimated Seasonal Sport Fishing Visitation to the Trinity-San Jacinto 
Estuary, 1976-1977 a/ 

Season EI Boat Werle-Bank 
: 

thousands of part ies 

Fall 36.8 27.2 
(2.50) ( 2.06) 

Winter 13.5 22.5 
(2.14) (1.83) 

Spring 35.9 40.5 
(2.38) (2.05 ) 

Summer 51.7 53.0 
(2.69) ( 1 .95) 

Total All 137.9 143.2 
Seasons (2.51) (1.98) 

Pier 

4.7 
(1.94) 

3.6 
( 1.88) 

6.5, 
( 2.13) 

9.9 
(2.66) 

24.7 
(2.27) 

Total - All Strata 

68.7 
(2.29 ) 

39.6 
( 1.94) 

82.9 
(2.20) 

114.6 
(2.35 ) 

305.8 
(2.24) 

~ The figures in parenthesis indicate·the average number·of fishermen per party fOr the 
'respective fishing type and quarter. 

EI Fall = September, October, and November 
Winter = December, January, and February 
Spring = March, April, and May . 
Surrmer = June, July, and August 



interview· data to renove the bias toward local data and provide a IlOre ac­
curate reflection of year-round visitation patterns (Table 3-7). 

Sport Fishing Direct Expenditures. During the interview, a question was asked 
of the party head for total expected o:>st 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). 
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 ootain an estimate of total 
sport fishing expenditures (Table 3-9). More than 39 percent of the estimated 
total expenditures ($4.13 million) were made during the sunrner and nine 
percent were made during the winter quarter (Table 3-9). 

Sport Fishing Eo:>nanic Impact Analysis. Sport fishing expenditures exert an 
effect upon the eo:>nanies of the local regions \>klere fishing occurs and UFOn 
the entire State because of . transport ion expenses, sport fishing equiprrent 
sales, and service sector supply and demand linkages directly and indirectly 
associated with fishing expenses. The direct, or initial, business effects 
are the actual expenditures for goods and services purchased by sport fishing 
parties. For this analysis, variable expenditures fur transportation, fuod, 
lodgirig, and other materials and services purchased were classified by eo:>n­
omic sector. Specifically, the expenditures that vary with size of party, 
duration of trip, and distance traveled; i.e., variable expenditures, were 
classif ied into: recreation (including marinas, mat rental fees, and mat 
fuel); fisheries (bait); eating and drinking establishments; lodging services; 
and travel (gasoline and auto service stations). Equiprrent expenditures fur 
boat insurance, mats, motors, trailers, and fishing tackle are rot available. 
Thus, this analysis is an understatement of the total business associated with 
sport fishing in the Trinity-San Jacinto estuary. 

Indirect impacts are the dollar values of goods and services that are 
used to supply the sectors \>klich have made direct sales to fishing parties. 
Each directly affected sector has supplying sectors fran \>klich it purchases 
materials and services. The total arrount of these successive rounds of pur­
chases is known as the indirect effect. The total business effects of pur­
chases of supplies and services by fishing parties upon the regional and state 
economies include the direct and indirect incomes resulting fran the direct 
fishing business. Each eo:>nanic sector pays wages, salaries and other forms 
of income to errq:>loyees, owners and stockholders \>klo in turn spend a p:>rtion of 
these incomes on goods and services. In this study, the rrethod used to cal­
culate this total impact is input-output analysis, using the Texas Input­
Output Model:J 276) and regional input-output tables derived fran the State 
model (282).1 

The expenditure data o:>llected by personal interviews of a sample of 
fishing parties at the Trinity-San Jacinto estuary (Table 3-9) indicated only 
the magnitude of variable expenditures by sport fishermen. . To estimate the 
sectorial distribution of all expenditures, the interview data were supple­
mented with data fran estimated retail sales in 1975 by marine sport fishing 

y Input-output relationships were estimated for Calhoun, Victoria, Jackson, 
Refugio, and Wharton Counties. 
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Table 3-7. Estimated Seasonal Sport Fishing Visitation Patterns at the 
Trinity-San Jacinto Estuary, 1976-1977 

Visitation Fall Winter : Spring Surrrner 'lbtal-Annual 

thousands of parties 

IDcal 57.4 39.6 76.6 98.2 271.8 

Nonlocal 11.3 6.3 16.4 34.0 .--

'lbtal Visitation 68.7 39.6 82.9 114.6 305.8 

------ -----

Table 3-8. Estimated Average Cost per Sport Fishing Party by Type and 
Origin, Trinity-San Jacinto Estuary, 1976-1977 

: 
Average Cost Weighted 

per Party Boat Wade-Bank Pier Average 

1976 dollars 

IDcal 15.75 7~53 7.37 11.20 

Nonlocal 34.27 31.86 19.35 31.98 
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Table 3-9.. Estimated Sport Fishing Expenditures by Season and Fishing Party 
Type, Trinity-San Jacinto Estuary, 1976-1977 

Season 21: Boat Wade-Bank Pier Total 

thousands of 1976 dollars 

Fall 691.2 313.1 43.7 

Winter 212.1 169.5 27.0 

Spring 616.2 379.8 53.4 

Surrmer 951.8 583.7 89.7 

Total 2,471.3 1,446.1 213.8 

P Fall = SeptembE!r, October and Noveinber 
Winter = December, January and February 
Spring = March, April and May 
Surrmer = June, July and August 

f 
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1,048.0 

408.6 

1,049.4 

1,625.2 

4,131.2 

: 
Percent 

25.4 

9.9 

25.4 

39.3 

100.00 



related industries in the West Gulf: of Mexico region (Mississippi delta to 
Mexican oorder) (517). To account for different origins and types of fishing 
parties, 'variable expenditures were analyzed for each of the four types of 
fishing' parties: local toat parties; local wade-bank parties; nonlocal wade­
bank parties; and nonlocal ooat parties. Variable expenditures, except for 
travel, were classified as having been made within the local region, since 
that is the site at ~ich 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 Trinity-San Jacinto estuarY were ~er $4.0 million. 
In addition, there was an estimated $125 thousand spent outside the region, 
within Texas (Table 3-10). M:>st of the expenditure impact, over 96 percent, 
accrues to the region. However, ~en the total impacts are calculated, the 
regional gross impact of over $9.16 million accounts for only 68 percent of 
the gross dollar value statewide (Table 3-11). This spreading of impact re­
sults from business and industrY market linkages among regional establishments 
and suppliers throughout the State. 

A significant portion (over 36 percent) of the direct expenditures by 
sport fishermen in the region results in increased personal incomes for 
regional households directly affected by the sport fishing industrY. Fran 
these data it is estimated that regional househOlds received an increased 
annual income of over $2.73 million fran the Sport fishing business in the 
area (Table 3-11). Statewide, the income impact amounted to over $3.82 
million, annually. 

The input-output analysis estimated a total of 255 full time job equiv­
alents directly related to sport fishing in the Trinity-San Jacinto estuarY 
region in 1976 through 1977. Statewide, an additional eleven full time job 
equivalents were estimated to be directly related to the expenditures for 
sport fishing. The total employment impact to the state econany was 450 full 
time job equivalents (Table 3-11). 

Revenues to state and local governments (including,schools) are positive­
ly impacted by the increased business activity and gross dollar flows fran 
sport fishing business. The total, statewide state tax revenues amounted to 
$139 thousand, with $91.3 thousand collected in the local reg ion. Most of the 
state revenues were received fran the rest of the State and not fran the sur­
rounding estuarine region. However, the total tax revenue impacts for local 
jurisdictions were concentrated within the region ~ere an estimated $155.6 
thousand resulted fran direct, indirect and induced sport fishing expenditures 
(Table 3-11). In addition, local governments outside the Trinity-San Jacinto 
estuarY region collected an estimated $41 thousand in taxes on travel expendi­
tures by fishing parties in 1976 through 1977. 

The data show that sport fishing in the Trinity-San Jacinto estuarY 
region has a larger econanic impact within the region than areas outside the 
region, $4.22 million canpared to $9.13 million, respectively. However, data 
necessarY to analyze the effects of sport fishing equipment business were not 
available. Thus, the annual statewide gross output impact of over $13.38 
million represents a contribution to the State's economy fran only the 
variable expenditures by sport fishermen in the estuarY region and does not 
include the effects of purchases of sport fishing equipment. 
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Table 3-10. Estimated Sport Fishing Variable Expenditures by Sector, Trinity­
San Jacinto, Estuary, 1976-1977 

Bait Travel Food Lodging Recreation a/ Ibtal 

thousands of 1976 dollars 

Total 947.2 909.9 1,014.6 308.6 950.9 4,131.2 b/ 

a:r--Marinas;li5atfuel, ana bOat rental. ----------------
h/ Adjusted for travel expenditures outside the study area of $125.1 
- Expenditures in the region = $4,006.1 thousand • 

. Table 3-11. Direct and TotaUV Econanic Impact .fran Sport Fishing 
Expenditures, Trinity-San Jacinto Estuary, 1976-1977 b/ 

~.------

Direct EI Total 

Regional State Regional State d/ . . ------------------ --''--- ----.---------.--~----. ---- -.-----

Output 
(thousands) 

Employment 
(Man-Years) 

Income 
( thousands) 

State Tax 
Revenues 
( thousands) 

Local Tax 
Revenues 
( thousands) 

$4,006.1 $4,131.2 

255 266 

1,477.1 1,539.5 

35.7 

53.5 

Total - direct, indirect, and induced 
Values in 1976 dollars 

$9,162.7 $13,385.8 

368 450 

2,732.6 3;829.4 

91.3 139.0 

155.6 217 .4 

Direct impacts for the region and state differ due to the travel expendi­
ture adjustment 
Statewide expenditures include the regional impacts 
Data not available 
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Econanic Impact of canmercial Fishing. The analysis of the a:nunercial fishing 
industry in the Trinity-San Jacinto estuary was somewhat limited by the avail­
ability of estuary-specific data. Estimates made of the estuary's total 
contribution to Texas commercial fisheries harvests were based on the inshore­
offshore catch distribution. However, the specific markets into which the 
fisheries catches were marketed are not known. Thus, fi)r this portion of the 
analysis it was assumed that the markets were in' Texas and 'that the statewide 
average ~ices were appropriate and applicable. ' 

The average annual conrnercial fishing contribution of the estuary was 
estimated at 827,700 pounds (375,440 kg) of finfish and 40,792,500 pounds 
(18.5 million kg) of shellfish for the period 1972 through 1976. Using 1976 
average dockside finfish and shellqsh prices ($.357 per lb. and $1.456 per 
lb., respectively), the direct commercial value of fish and shellfish attrib­
uted to the estuary was estimated at $59.69 miliion (1976 dollars) (469). 
Shrimp, blue crab, and oysters constituted approximately ,97 percent of this 
value. 

The Texas economy-wide total business resulting fran conrnercial fish 
catch attributed to the Trinity-San Jacinto estuary was estimated using the 
1972 Texas Input-{)utput fobdel fisheries sectOr multipliers. 'lbtal value of' 
the catch was $59.69 million, direct' employment in the fisheries sector was 
2,174, and direct salaries to fisheries employees was $19.94 million (Table 
3-12). 

Gross Texas business resulting from fishing, processing, and marketing 
the catch attributed to the estuary was estimated at $185.93 million. In­
direct supporting and marketing activities provided an a:lditional 2,173 full 
time job equivalents regionally and an ,a:lditional 2,446 full time job 'equiv­
alents statewide. Gross personal income in Texas attributed to the estuarine 
fishing and supporting sectors was estimated at $51.13 million, state taxes at 
$1 .69 mill ion, and taxes paid to local units of c:pvernments throughout Texas" 
as a result of this fishery business, at $2.35 million (Table 3-12). 

Summary of Econanic Impact of the Sport and Commercial Fisheries. Analyses 
have been performed to canpute estimates of the quantities of sport and CXIIl­

mercial fishing and the economic impact of these fisheries upon the local and 
state economies. 

Sport fishing expenditures exert an effect upon the econdnies 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 c:pods and services purchased 
by sport fishermen (transportation, food, lodging, equipment). Indirect 
impacts are the dollar value pf c:pods and services that are used to supply the 
sectors which make these direct sales to fishing parties. Other indirect 
impacts include wages, salaries and other forms of inCXIlle to employees, owners 
and stockholders. 

The method of input-output analysis, using both the Texas Input-{)utput 
Model and regional tables derived from the state model, was used to calculate 
the total impact. The results showed that variable sport fishing expenditures 
in the local area were greater than $4.0 million. In a:ldition, there was an 
estimated $125 thousand spent outside the region, within Texas. 
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Table 3-12. Direct and Total a/ Economic Impact of Ccmnercial Fishing in the 
Trinity-San Jacinto Estuary 

--~------------~----------~futar---------

Fishing 
Sector Regional State . . -------- ---.-.---

Output 59,689.4 126,839.9 185,932.4 
( 1000' s 1976 $) 

Employment 2,174 3,815 4,619 
(Man-Years) 

Income 19,942.2 42,237.6 51,131.8 
(1000' s 1976 $) 

State Tax Revenues 226.8 1,199.8 1,689.2 
(1000's 1976 $) 

Local Tax Revenues 268.6 2,047.3 2,345.8 
(1000's 1976 $) 

a; Total = <ITiect, indirect arrl induced ----,--------------- -.--
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Over 36 percent of the direct expenditures by sport fishermen in the re­
gion resulted in increased personal incanes for regional oouseholds directly 
affected by the sport fishing industry. Statewide, the incane impact arounted 
to over $3.82 million, ,annually. In ajdition, the total employment impact to 
the State economy was 450 full-time job equivalents. 

Revenues to State and local government (including schools) were IOsitive­
ly impacted bY the increased business activity and gross dollar flows from the 
sIOrt fishing industry. The total statewide State tax revenues arounted to 
over $139.0 thousand. 

Estimates were made of the total (inshore-offshore) commercial fisheries 
harvest dependent upon the Trinity-San Jacinto estuary. The average annual 
conmercial fisheries contribution was estimated at 41,620,200 pounds (18.9 
million kg) of finfish and shellfish for the period 1972 through 1976. The 
total value of the catch was $59.69 million (1976 dollars), direct employment 
in the commercial fisheries sector was 2,174, and direct salaries to employees 
was $19.94 million. 
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OJAPl'ER N 

HYDROLCX;Y 

Introduction 

Detailed studies of the hydrology of areas draining to the Trinity-San 
Jacinto estuary are necessary to estimate historical freshwater inflows frem 
contributory areas, only a tortion of \\hich are gaged. Two Jrajor river basins 
contribute to the Trinity-San Jacinto estuary, the Trinity and San Jacinto 
Basins. Additionally, small coastal basins, including a !X>rtion of the 
Neches-Trinity Coastal Basin, Trinity-San Jacinto Coastal Basin, and the San 
Jacinto-Brazos Coastal Basin, contribute to the estuary. The previous chapter 
of this retort (Chapter III, "Influence of Contributory Basins") describes up­
stream reservoirs in the Jrajor basins. The present chapter deals with aspects 
of the quality and quantity of freshwater inflow frem a historical perspec­
tive. 

Freshwater Inflows 

Freshwater inflow contributions to the Trinity-San Jacinto estuary con­
sists of (1) gaged inflow fran the Trinity and San Jacinto River Basins and 
San Jacinto-Brazos Coastal Basin; (2) ungaged runoff; (3) return flows frem 
municipal, industrial and agricultural sources in ungaged areas; and ( 4 ) 
direct precipitation on the estuary. The following paragraphs will consider 
each of these individually. In crldition to freshwater inflow, evaporation 
from the bay surface is considered to arrive at a freshwater inflow balance. 

Gaged ~~flows from the !rinity Basin 

The Trinity River Basin has a total gaged drainage area of 17,186 square 
miles (44,755 kJn2). This inflow enters the estuary through the Trinity 
delta at the northern edge of Trinity Bay. Gaged contributions of the Trinity 
River Basin to the estuary have averaged 5,381,000 acre-feet/year (6,608 
million m3/yr) over the period 1941 through 1976 (Table 4-1). Gaged yield 
from the Trinity Basin (1941-1976) has averaged 313 acre-feet per square mile 
(1,490 m3jha). Gaged Trinity Basin inflows have accounted for 55 percent of 
the combined inflowll and 47 percent of the total freshwater 
inflowY to the Trinity-San Jacinto estuary wer the 1941 through 1976 
period (Table 4-2). 

V--Cciiib"Tned -inflow = (gaged inflow) + (ungaged inflow) + (return flows from 
- ungaged areas) - (diversions below last gage) 
Y Total freshwater inflow = (combined inflow) + (direct precipitation on, the 

estuary) • 
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Table 4-1. M:mthly Freshwa'ter Inflow, Trinity-San Jacinto Estuary, 1941-1976 ~ 

.GAGED .GAGEO .GAGEO .TOHL • • TRINITy TOTAL BAY .FRESHIlliATER. 
HO~TH .TRINIT.s.JlC •• SJ-8QZ.GAGfO .UNGAGEO.RETUDN. RIvER .COM8INED.PRECIPITATION.FRESHWAT£R.E~APORATION. INFLOW 

FLOk. FLOw. FLU~. FLO~.INFLO~. FlOWS.DIVERSIONS. INFLOW. ON BAY INFLOw 0° LOSSES • BALANCE 

thousands of acre-feet 
AV':::RAG~ OilER ALL VI: AR::, 

JAi'OiJA.RY 523 107 8 719 212 17 I 948 II3 1062 65 997 
fEbRUARY 480 115 8 6 b4 242 5 I 912 IC4 IOl7 63 953 
!'~Ak CH 579 I I R 6 704 172 15 5 887 86 974 77 896 
AP.~Il 624 163 7 8 IS 245 29 25 lOb 5 126 1192 90 1101 
~t. Y IJ59 l'I8 12 1209 294 32 36 1559 138 1698 118 1579 
JUNE 652 Ib5 I 3 831 249 34 ., 1073 136 1209 146 1062 
JLl Y 256 74 9 340 183 69 42 550 152 703 160 "2 
AUGUST 103 42 e 1 :. 3 173 54 32 349 168 517 115 342 
SEPTEMp£R 145 86 I 1 243 223 50 21 496 151 653 154 499 
OCTOBER 230 106 7 "4 193 23 4 555 122 678 144 534 
fliOIJEHBER 316 135 7 409 150 12 2 619 124 743 105 631 
DECEMBER 409 122 8 53° 196 20 2 754 135 889 18 810 

~ 
tv TOT ALS 'S376 1$91 104 7080 2532 3bO 213 9767 1561 11335 1315 9952 

M:mHLY 
448 1 33 9 S 9r1 2 II AVERAGE 

30 814 130 945 115 829 

~ FDun1ing errors ma.y result in snal1 differences between Tables 4-1 ani 4-2 



Table 4-2, Annual Freshwater Inflow, Trinity-San Jacinto Estuary, 1941-1976 ~y 
-----------------------------------------------------------------------------------------------------------------------------

.GAGED .GAGED .GAGED .TOTAL . TRINITY TOTAL BAY .FRESH .. ATER. 
YEAR • TRI~IJ.S.JAC •• SJ-8RZ.GAGED • UNGAGED.RlTUPN. RIVER .CO"BINEO.ppECIPITATION.FRESHWATER.E\lAPORA~ION • INflOW 

F" l C~, • FLOW. FLO .... FLOW.!NFLO". . FLOWS.DIVERSIONS. INFLOW . ON BAY INFLOW LOSSES . BALAI'tCE 

------------------------~----------------------------------------------------------------------------------------------------

1 q" 1 1 033(' 3982 159 14477 '1899 122 12C 19378 2348 21726 1121 20605 
1942 9206 1722 77 110 GS 2574 13b 145 13570 1117 15287 1268 1'+019 
1943 3853 1231.1 " 5152 2651 102 192 1163 1756 9519 1261 8252 
19114 8142 2331 1<1 10634 3860 151 191 1'+'+ 54 18 18 16212 1261 15005 
19'+5 12275 3151 1 38 15564 "'438 154 134 19912 2137 22109 1261 20842 
19146 9865 4416 20£., 14481 6238 IbO 183 20102 2891 2359~ 1238 22355 
1941 5286 1505 81 6817 1561 102 162 8413 1230 9643 1266 8377 
1948 3799 544 70 4413 1109 171 240 5453 99b 64tf9 1266 5183 
19",9 5303 2608 218 8129 4801 192 259 lZ869 21B1 15056 1239 13817 
1950 6962 2012 90 9064 187'" 187 220 10905 1210 12175 I'H4 10761 
1951 15Q3 228 44 I11S 713 20b 277 2'+11 1184 3601 1385 2216 
1952 2302 113 82 31 57 2019 205 249 5132 1"''14 6576 138b 5190 
1953 3975 13&6 123 5464 2179 203 230 7616 1585 9201 11.1-74 7727 
1954 1212 ' 386 3' 1692 350 27b 279 20'15 BOO 28'45 1592 1253 
1955 1782 409 47 22.18 1168 32Q 214 '4112 1578 5690 1532 4158 
1956 918 121 1 5 1054 599 326 lab 1873 10'40 2913 1592 1321 
1957 11885 174C 133 13758 3772 319 143 11706 1683 193b9 1443 11946 
1958 5928 1006 67 7 a 01 2312 351 ,163 9481 1519 11000 141'4 9586 
1Q59 4733 1979 198 6910 3993 34B 191 11060 1755 12815 1652 11163 

1 19&0 51.i13 2950 12B 8491 2767 373 215 11416 1523 12939 1534 11'405 
19 61 6250 3157 IeB 9595 4070 3bB 235 13818 1869 15687 1503 1'+18'4 

w 1962 3603 587 65 4255 939 419 271 53'42 1177 6519 1532 '1987 
1963 1522 438 "' 2002 b77 445 2b6 2858 8b5 3723 1208 2515 
1964 2199 b81 sa 2938 1395 448 219 4562 1204 5766 1238 4528 
1965 1+673 63n 53 5356 1038 409 238 6625 1119 71'14 1533 6211 
1966 6173 1562 143 7878 3655 514 204 118'43 1935 13118 1031 12747 
1967 2J6b 224 4 1 2331 B01 S33 265 3400 1103 1+503 1295 3208 
1968 79':)6 2302 Ib3 10371 3295 551 2" .13973 1636 15609 1270 1'4339 
1969 7423 1350 lOb 8879 2187 562 252 11376 1578 12954 1321 11621 
1970 303G 962 105 4097 2951 575 206 7363 1735 9098 135B 71'tO 
1971 2256. 359 67 2684 1109 615 259 4149 1293 5442 157'4 3868 
1972 2487 1373 12B 3988 2507 825 220 6900 1399 8299 1'445 68Sll 
1973 11 039 '10Z1 245 153 G5 5802 559 211 21455 2241 23696 1406 22290 
1974 1581 2552 Ibu 10293 2882 b32 251 13556 1597 15153 1502 13651 
1975 7222 1627 9b 89"'5 2229 610 221 11563 1813 13436 1'+ 18 12018 
1976 3538 1215 111 4864 1306 b95 205 6660 1387 8047 1485. 6562 

--------------------------------------------------------------------------------------------------------------
TOTAL 193708 57503 39C7 2~511f! 'J1338 13154 7830 351780 56"'72 tfO,8252 497'12 358510 

.l!vERAGE 5381 1597 lr,9 70b7 2531 3b5 217 9772 1569 11340 1382 9959 
~'I(OlAN 5009 13&9 Iro 6891 2270 349 220 8947 1578 10321 1396 8981 
PERCENT 47.5 + 14.1 + 1.D 62.5 + 22.4 + 3.3 2.~ 86.2 + 13.9 100.0 12.2 
PERCENT 55. I + 16.4 + 1 • " 72.6 + 26.0 + 3.8 2 • 3 100,.0 1601 

a/ Units are thousarrls of acre-feet 
W Roun::1ing errors nay result in small differences l::etween Tables 4-1 am 4-2 
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Gaged Inflows from the San Jacinto Basin 

The total gaged drainage area of the San Jacinto River Basin is 3,520 
square miles (9,167 km2), of which 1,741 square miles (4,534, km2 ) were 
gaged above Lake Houston prior to 1953. An crlditional 2,828 square miles 
(7,365 km2) of drainage area have been gaged since 1953. 

The magnitude of San Jacinto River Basin flow passing into the estuary is 
dependent on the spills from Lake Houston. To determine the p:>rtion of the 
San Jacinto River flow that enters the estuary through Lake Houston, the mag­
nitude of spills was developed by means of a reservoir cperation study from 
1954 through 1976 (Figure 4-1). Over the period 1941 through 1976, average 
annual gaged inflow to the estuary from the San Jacinto River Basin was 
1,597,000 acre-feet (1,970 million m3) (Table 4-2). Gaged yield from 
the San Jacinto River Basin (1941-1976) has averaged 454 acre-feet per square 
mile (2,162 m3jha). Gaged San Jacinto River Basin inflows accounted for 16 
percent of the combined inflow and 14 percent of the total freshwater inflow 
over the 1941 through 1976 period. 

Gaged ~nflows from the San Jacinto-Brazos Coastal Basin 

The total gaged drainage area of the San Jacinto-Brazos Coastal Basin is ' 
126.1 square miles (328 km2). The Clear Creek gage at Pearland (USGS Gage 
#08077000) and Chocolate Bayou gage near Alvin (USGS Gage #08078000) were 
utilized for determining gaged freshwater inflow. Over the period 1941 
through 1976, average annual inflow to the estuary fran the San Jacinto-Brazos 
Coastal Basin was 109,000 acre-feet (130 million m3 ) (Table 4-2). Gaged 
yield from the San Jacinto-Brazos Coastal Basin (1941-1976) has averaged 865 
acre-feet per square mile (4,119 m3jha). Gaged basin inflows accounted for 
1 .2 percent of the combined inflow and 1.0 percent of the total freshwater 
inflow over the 1941 through 1976 period. 

Ungaged Runoff Contributions 

Ungaged drainage areas contributory to the Trinity-San Jacinto estuary 
include some 2,640 square miles (6,875 km2).1/ in the San Jacinto­
Brazos Coastal Basin, the Trinity-San Jacinto Coastal Basin, Neches-Trinity 
Coastal Basin, the Trinity River Basin, and the San Jacinto River Basin. To 
facilitate the study of inflow contributions, the ungaged drainage area 
imnediately contributing to the Trinity-San Jacinto estuary and above Lake 
Houston was divided into 45 subbasins (Figure 4-2). Using a Thiessen network 
(387) the weighted daily precipitation was determined for each subbasin 
(Table 4-3). A water yield model which uses daily precipitation, Soil Conser­
vation Service average curve numbers, and soil depletion index (Beta) to pre­
dict runoff from small watersheds was calibrated with the 16 gaged subbasins 
located within the contributing drainage area (374). Statistical correlations 
between annual and m::mthly gaged total inflow and simulated runoff were used 
to determine the "goodness of fit" of the calibration procedure. The cali­
brated model was then applied to the ungaged subbasin to calculate the ungaged 
runoff (Table 4-3). 

17-wIth-the installation of one coastal gage in 1972, the ungaged drainage 
- area decreased to 2,575 square miles (6,706 km2 ). 
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Figure 4-1. Combined Monthly Inflow to the Trinity-San Jacinto Estuary, 1941-1976 



EXPLANATION 

USGS. GAGING STATIONS 

.oa069000 Streamflow Into Lake Houston 

.06076000 Streamflow InlO Ungaged Areas 

*oaoao7zo Reservoir Contents Goge 

a 10 20 Kliomelers 
.."=,....,,,;,'---... 

.(.~ Ungaged Area 

Boundary of Area Contributing to 
Loke Houston 

San Jacinto River Basin Boundary 

11020 Subbasin Number (See Tobie 4-3) 

Figure 4-2_ Ungaged Areas Contributing to Trinity-San Jacinto Estuary 
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Table 4-3. Runoff f«:tll Ungaged i\reas, Trinity-San Jacinto Estuary 

---- ----------- -------,.- .-- --- ---: ------- -we-rghtffl------- -:' -- ----- -----

Subbasin DeScription 
Drainage 

Are' 
(mi2) 

:_u.I:redpi~i.0~ _____ : 

NOSy 
Station 

No. 

Weight .!¥' 
Factor 

Average 
Ruooff 

ae-ft/mi 2 

( 1941-1976) 
.. _ .. ____ .. ____ ._ ~ ____ .2. __________ "- __________ -'- ____ _ _ __ _ ___ _ __________ :. _______________ , _________ -'- _________ :.... _______ =-______ _ 

8010 \~.:lllisvillc. 
Trinity River 
tidal 

8110 Liberty 
':.'J:inity River 
arove tidal 

9010 Cedar Bayou 
tidal-drains 
City of Bayto.vn 
and surrounding ,= 

9020 Cedar BaYou 
arove tidal 

10010 San Jacinto 
Ri vcr tidal 200 
yards below 
IHIO bridge 
to L:lke Houston 

10050 Houston 
ship channel 
M::lrgans Pt. 
to Sim Jacinto, 
including tidal 
portion of S= 
Jacinto River 
to 200 yds. ~1(M 
III10 bridge 

10060 Jlouston Ship 
channel ungagcd 
tidal portion San 
Jacinto River and 
tributaries con­
n UeIlCe to turning 
basin 

10070 llouston 
ship channel 
turning 
basin 

11010 Clear Creek 
tidal 

11C20 Clear 
Creek ~ 
tidal 

11030 Dickenson 
Bayou tidal 

11040 ~Jick':""".Qn 

"'YO" 
lY National Weather Service 

501.0 

282.0 

52.0 

64.9 

60.0 

50.0 

340.2 

27.3 

50.0 

81.2 

60.0 

50.0 

5196 
0235 

5196 
8265 

0235 
4307 

5196 

5196 
4323 
4305 
4307 

4307 

4307 
4305 
4323 
892S 

4]05 
4323 

0204 
4307 

0204 
4307 

0204 

0204 

.68 

.80 

.559 

.441 

.80 

.20 

1.00 

40 
10 
30 
20 

1.00 

.36 

.3' 

.21 

.o'? 

.61 

.39 

• 82 
.08 

.32 

.08 

1.00 

l.00 

£I Percentage of area of influence expressed as a facto!:' (387) 

1133 

820 

1010 

685 

706 

910 

678 

90 • 

917 

852 

852 

c/ An assigned pa!:'ameb:;>r for a particular hydrologic soil-cover canplex (374) 
!=i/ Soil rroisture depletion coefficient (374) 
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87/68.1 

83/77.9 

85/75.8 

fl4/l03.0 .96 : 75 08067500 1972-76 

80/86.7 

80/84.4 

85/65.6 

80/61.7 

35/63.7 

35/67.1 

1\'l/f,5.8 

84/66.8 
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- __ - _________ - ________ ~_~ __ - _, __ - _, ____ ~ __ - ________ :. ______ - - __ ~ ______ - _______ =--______________ - __ : _____ . ________ =--_ - - ______ ~ _____ -- __ l.. _____ _ 

11070 Chocolate 
Bayou tidal 

11080 Chocolate 
Bayou a1:ove 
tidal 

24220 Trinity 
Bay including 
lbuth of 
Trinity River 

24230 East Bay 

2424-0 West Bay 

24250 Clear Lake 

24260 Tabbs -
Black Duck 
Scott Burnett 
and San Jacinto 
Bays 

24310 Moses Lake 
drains Texas 
City 

24320 OlO<Xllate 
Bay 

24360 Barbours 
Cut - Bayport 
ChannGl 

10061 Br<lY!S Bayou 
~t HOuston 

10062 Sirrrns 
Bayou at 
lIouston 

10063 Greens 
Bayou at 
Houston 

10064 Halls Bayou 
at Houston 

10072 Buffalo 
Eayou at 
Houston 

10073 White Oak 
Bayou at 
lbustOD 

20.0 

52.7 

170.0 

260,0 

40.0 

80.0 

48.0 

111.0 

210.0 

30.0 

88.4 

64.0 

n.7 

24.7 

385,0 

84.7 

0204 

0204 

0235 

02)5 

0204 

4307 
0204 

4307 

0204 

0204 

4307 

8728 
1838 
4325 

4307 
1325 

4327 
4323 

4327 
4323 

4331 
4305 
4325 

2206 
4305 
4331 
4327 
4323 

LOO 

LOO 

LOO 

LOO 

LOO 

.91 

.09 

LOO 

LOO 

1.00 

1.00 

.15 

.40 

.45 

.40 

.60 

.33 

.67 

.10 

.90 

.56 

.31 

.13 

.023 
,046 
.158 
.707 
.066 

755 82/73.4 

757 82/73.4 

1208 88/63.7 .. 

1208 88/63.7 

672 80/80.0 

694 80/84.2 

706 80/89.4 

1019 87/59.8 

852 84/66.8 

947 85/67.2 

934 85.3/66.0 .64 .66 08075000 1941-76 

83.7/70.3 .86 .82 08075500 1953-76 

76.4/95.4 .64 .45 08076000 1953-76 

82.27/74.8 .72 .54 08076500 1953-76 

78.7/86.3 .80 .55 '08074000 1941-56 
1962-74 

684 80.4/83.1 .69 .55 08074500 1941-76 

--------------------------------------------------------------------------------------------------'--------------------.....:----------------------
-boi; National Weather Service 

Percentage of area of infl~nce expressed as a factor (387) 
<3/ An assign'Oci parameter for a particular hydrologic soil-cover canplex (374) 
~ SOil lfK)isture depletion coefficient (374) 
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Table 4-3. Runoff from lingaged Areas, Trinity-San Jacinto Estuary(=nt'dj 

Drainage 
Subbasin Description Area 

(mi2) 

11021 Claar Creek 38.8 
at Pearland 

)1081 Chocolate 87.3 
Bayou near 
A.lvin 

Trinity River 17,186.0 
at RooByor 

80720 Lake Houston 2,828.0 
spills (7/53 
- 12/76) 

10020 L3Jm 328.0 
Houston 

10030 East 73.0 
Fork San 
Jacinto River 

10031 East 325.0 
Fork San 
Jacinto River 
near Cleveland 

10040 West 172.0 
Fork San 
Jacinto River 

10041 West 809.0 
Fork San 
Jacinto River 
ncar Conrce 

10042 West 1,741.0 
Fork San 
Jacinto rear 
Humble 

10080 Spring 29.0 
Creek 

10081 Spring 409.0 
Creek near 
Spring 

10090 Cypress 37.0 
Creek 

NWSy 
Station 

No. 

4307 
8728 

0204 

8265 
5196 
6280 
4323 

6280 

3298 
1956 
8265 
6280 
4382 
7651 

1956 
6280 
9076 
4323 

1956 
6024 
9076 
0244 
0635 
3298 
4382 

1956 
6024 
9076 
0244 
0635 
3298 . 
4382 
4323 
6280 
2206 
40BO 
9448 
4327 
4704 

6280 
9076 
4323 

0244 
2206 
40BO 
6024 
9076 
9448 

9076 
4323 

w.;ight !:y: 
Factor 

.60 

.40 

1.00 

.33 

.16 

.45 

.06 

1.00 

.607 

.081 

.249 

.025 

.025 

.008 

.231 

.542 

.094 

.133 

.126 

.392 

.028 

.150 

.072 

.014 

.216 

.090 

.21B 

.180 

.073 

.033 

.006 

.100 

.022 

.074 

.060 

.017 

.089 

.009 

.028 

.64 

.28 

.08 

.016 

.029 

.073 

.151 

.568 

.163 

.240 

.760 

Average 
Runoff 

ac--ft/mi 2 
(1941-1976) 

315 

416 

414 

484 

442 

403 

405 

--~--Eipfa[nErl--- -. - -------- - --- .---
Variation Gaged 

Annual 
,2 

Monthly. 
2 • , Station: of 

No. ,Record 

----- ---- _ .. -:.--- -- ---------,- -- --_._.-:.---- --- ----:.. -------

81.0/83.4 .82 .so 08077000 1948-59 
1964-76 

85.4/61.6 .70 .62 08078000 1947-57 
1960-76 

08066500 1941-76 

72/118.2 

72/121.5 

75.3/91.8 .79 08070000 1941-7? 

73.3/116.1 

73.2/93.9 .70 08068000 1941-76 

08069500 1941-53 

72/121.3 

73.0/92.0 .78 08068520 1941-76 

72/115.7 

------------------------------------------------------------------------------------------------------------------~--------------------------

0/ National weather Servioe (continued) 
b/ Percentage of area of influence expressed as a factor (387) 
oj An assignoo parconeter fmc a particular hydrologic soil-cover canplex (374) 
ij SOil TOClisture depletion o::>efficient (374) 
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Table 4-3. Runoff from Dngaged Areas, Trinity-San Jacinto Estuary(cont'd) 

Subbasin Description 

-- --- -- _ ... --:--- -_ .. --- -.:.- ._- -------- --:-- ---,--------_. --_._--- ~ ----- ----:....-- ---------- ---- .----:------

10091 Cypress 
Creek near 
W3stfield 

10100 Caney 
Creek 

10101 CanBY 
Creek near 
SplendoriJ. 

10110 Peach 
Creek 

10111 Peach 
Creek near 
Splendora 

10120 Honea -, 
Co~ 

Reservoir 

285.0 

98.0 

105.0 

41.0 

117.0 

445.0 

a/ National Weather Service 

2206 .324 
4323 .021 
4327 .053 
4704 .172 
9076 .124 
9448 .306 

6280 1.00 413 

3298 .053 
1956 .860 
6280 .087 

6280 1.00 451 

6280 .460 
1956 .504 
8265 .036 

0244 .015 440 
0635 .107 
1956 .158 
3298 .028 
4382 .393 
6024 .299 

ti/ P€rcentage of area of influence expressed as a factor (3S7) 
'ii/ An assigned par<:l[neter for a particular hydrologic soil-cover canplE!l( (374) 
N Soil rroisture depletion o::.efficient (374) 

IV-l0 

71.4/102.2 .69 08069000 1945-76 

72/121.5 

74.2/91.9 .71 08070500 1944-76 

73/115.5 

72.8/97.S .63 08071000 1944-76 

73/115.7 



During the period 1941 through 1976, ungaged runoff averaged 2,537,000 
acre-feet/year (3.13 billion m3/yr) and runoff yield averaged 961 
acre-feet/mi2 (4,576 m3/ha)J1. Ungaged inflow accounted for 26 
percent of the combined inflow and 22 percent of the total freshwater inflow 
to the Trinity-San Jacinto estuary CNer the 1941 through 1976 period (Table 
4-2). ' 

Ungaged Return FloWs 

Return flows from municipalities and industries within the ungaged sub­
basins were estimated from data provided by the Texas Department of Water 
Resources (TDWR) self-reporting system. Irrigation return flows in ungaged 
areas were calculated using agency data collected in rice irrigation return 
flow studies (376, 379). Average return flows CNer the 1941 through 1976 
period were approximately 365, 000 acre-feet per year (450.6 million ffi3 /yr) • 
Estimated ungaged return flow accounted for four percent of the combined 
inflow and three percent of the total freshwater inflow to the Trinity-San 
Jacinto , estuary CNer the 1941 through 1976 period (Table 4-2). 

Diversions 

Reported diversions for municipal, industrial and irrigation use within 
the ungaged subbasins were provided by the Texas Department of Water Resources 
(TDWR) reported water usage system. Average diversions CNer the 1941 through 
1976 period were approximtely 217 ,000 acre-feet per year (267.9 million m3). 
Estimated diversions accounted for 3.8 percent of the oornbined inflow and 3.3 
percent of the total freshwater inflow to the Trinity-San Jacinto estuary 
(Table 4-2) over the 1941 through 1976 period. 

Combined Inflow 

A category called combined inflow was obtained by aggregating gaged 
Trinity River Basin and San Jacinto River Basin inflow, gaged San Jacinto­
Brazos Coastal Basin contributions, ungaged runoff, and estimated ungaged 
return flows. Over the period 1941 through 1976 combined inflows averaged 
9,772,000 acre-feet per year (12.05 billion m3/yr) (Table 4-2). Combined 
inflow accounted for 86 percent of the total freshwater inflow to the Trinity­
San Jacinto estuary,CNer the 1941 through 1976 period. Average ITPnthly dis­
tributions of combined inflow are shown in Figure 4-3. 

Precipitation on ,the Estuary 

Direct precipitation on the 353,730 acre (143,153 hal surface area of 
Trinity-Sari Jacinto estuary was calculated using Thiessen-weighted precipita­
tion techniques (387). Over the 1941 through 1976 period, annual mean pre­
cipitation arrounted to 1,569,000 acre-feet per year (1.93 billion m3/yr). 
Direct precipitation accounted for 14 percent of the total freshwater inflow 
to the Trinity-San Jacinto estuary CNer the period 1941 through 1976 (Table 
4-2) • 

YUngageddrainage area held constant at 2,640 sq. mi. (6,875 kJn2). 
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Figure 4·3. Monthly Distribution of Combined Inflow,' 
Trinity·San Jacinto Estuary, 1941·1976 
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Total Freshwater Inflow 

Total freshwater inflow includes gaged Trinity River Basin and San 
Jacinto River Basin inflows, gaged San Jacinto-Brazos Coastal Basin rontribu­
tions, ungaged runoff, return flows from ungaged areas and direct precipita­
tion on the estuary. For the 1941 though 1976 period, average annual fresh­
water inflow arrounted to 11,340,000 acre-feet (14.00 billion m3). Average 
monthly distributions of total freshwater inflow are shown in Figure 4-4. 

Bay Evaporation Losses 

Gross surface evaporation rates for the estuary I<K!re calculated from 
Texas Department of Water Resources pan evaporation data (377). 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 I<K!re anitted in 
the estimation of evaporation rates. Over the period 1941 through 1976, mean 
evaporation ~er the 353,730 acre (143,153 hal estuary surface averaged 
1,382,000 acre-feet per year (1.70 billion m3jyr). When o::rnpared to total 
freshwater inflow, evaporation on the estuary's surface was about 12 percent 
of total inflow ~er 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. A negative number in s:JIlIe years indicates evaporation exceeding 
total freshwater inflow (during periods of extreme drought). For the 1941 
through 1976 period, the mean freshwater inflow balance arounted to 9,959,000, 
acre-feet per year (12.28 billion m3jyr). 

Variations in Inflow Oomponents through Drought and Flood cycles 

Although previous paragraphs have described the o::rnponents of freshwater 
inflow in terms of annual and IIDnthly 'average values CNer the 1941 through 
1976 period, there have been wide variations from the mean as' a result of 
recurrent drought and flood ronditions. Monthly inflows and their rorrespond­
ing exceedance frequencies are shown in Table 4-4. The "50%" rolumn for each 
component inflow represents a 50 percent probability that the rorresponding 
inflow will be exceeded in the given IIDnth.These values can be o::rnpared to 
average values given in Table 4-1. Columns marked "10%" (probability of 
exceedance) indicate component values for I<K!t year ronditions, one year in 
ten., Columns marked "90%" (probability of ,exceedance) indicate o::rnponent 
values for drought ronditions, one year in ten. Further illustration of near 
limit probabilities are provided in Figures 4-3 and ,4-4 for canbined inflow 
and total freshwater inflow, respectively. 

Quality of Gaged Inflows 

Ten USGS gaging stations IIDnitor the quality of inflows to the Trinity­
San Jacinto estuary. Three representative f?tations have been selected for 
this analysis: Station No. 08066500 (Trinity River at Romayor), Station No. 
08074000 (Buffalo Bayou ,at Houston), and Station No. 08078000 (Chocolate Bayou 
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Table 4-4. Monthly Inflows. to the Trinity-San Jacinto Estuary for Corresponding Exceedance Frequencies !y, !Y 
'-----------------------------------------------------------------------

: : : : : 
-;---------- --- ----- ------ ---------- -- --- - ---

Gag-ed Trinity :Gag-ed San Jacinto :Gaged San Jacinto-- : 1btal Ungaged Ungaged 
Inflow' 

Conbined 
Inflow Month Basin Inflow Basin Inflow :BraZOs Basin Inflow: Inflow 

January 1,402 289 58 586 80 10 22 4 o ! ,978 389 73 679 106 15 2,438 573 130 

February 1 , 130 3"19 87 595 87 11 23 5 o 1,597 442 118 944 114 12 - 2,197 638 176 

March 1,403 353 88 338 61 10 15 3 o 1,704 441 112 531 65 6 2,126 575 152 

April 1,359 406 122 440 85 17 16 4 ,1,793 529 157 757 106 14 2,331 696 210 

May 2,563 632 155 556 99 17 28 8 2 3,047 798 205 852 127 12 3,816 998 254 

1,635 401 95 417 50 6 34 8 2,075 513 123 797 86 7 2,689 641 148· 

July 596 150 37 193 31 5 22 7 2 800 214 56 510 71 8 1,212 361 109 

August 218 69 22 93 21 5 18 5 320 110 38 492 ·49 3 772 224 65 

September 334 86 22 194 37 8 25 7 2 556 146 39 774 89 7 1,124 139 90 

-0 

October 550 111 23 215 28 4 16 2 o 809 160 32 605 36 0 1,290 256 52 

November 718 152 33 306·36 4 20 2 o 1,009 213 47 467 51 0 1,370 321 76 

December 1,093 234 48 ' ·374 58 8 23 5 o 1,489 309 61 551 111 10 1,923 482 116 

Precipitation 
on Bay 

Total Freshwater 
Inflow 

221 96 40 2,592 710 194 

216 86 30 2,325 745 229 

204 64 17' 2,237 661 192 

98 37 2,530 811 265 

301 97 31 4,008 1,130 312 

319 93 26 2,795 779 214 

311 121 45 1,463 511 178 

322 133 52 1,102 362 118 

376 113 29 1,426 453 143 

306 80 15 1,569 351 79 

246 98 39, 1,537 454 138, 

256 115 50 2,082 629 183 

~--tinIts-arethousands-oCacre.:feet- --.----------~.-------- ----- --- ------- ---- ------------ --------------- -------------- -------------- -. ------.. -
EI, Exceedance frequencies indicate the prob.ability that the cor'resp::mding rronthly inflow will be exceeded during the given rronth 

Bay Evaporation : 
Losses 

84 64 49 

85 62 44 

98 77 59 

122 88 63 

142 119 97 

178 145 117 

201 159 124 

207 173 146 

189 152 122 

177 142 114 

132 104 82 

103 77 58 



near Alvin). The range of water quality parameters that ~re experienced in 
the 1977 water year are tabulated in Figure 4-5. During the period, four to 
12 samples ~re available for most parameters. 

Student's t-tests were performed on the data to determine if any statis­
tical difference (two-tailed test) was evident arrong the sample means for the 
three gaging stations. It was found that for many parameters, differences 
between the mean values were not statistically significant. However, sample 
means from Buffalo Bayou at Houston ~re significantly higher (statistically) 
than the other two stations, for total ammonia nitrogen, total nitrate 
nitrogen, total organic nitrogen, total phosphorus, and biochemical oxygen 
demand, reflecting its urban runoff contribution. Sample means from the 
Trinity River at Romayor were significantly lower (statistically)' than the 
other two stations for silica, sodium, fluorIde, total organic carbon and 
biochemical oxygen demand; and higher for diSSOlved oxygen. The sample mean 
from Chocolate Bayou near Alvin was significantly higher (statistically) than 
the other two stations for magnesium. ------

In general, the water quality of Trinity River flows draining to the 
Trinity-San Jacinto estuary is very good. Inflows from Buffalo Bayou and 
other urban drainage ways reflect significant nutrient loadings. Inflows from 
Chocolate Bayou indicate slight contamination from unknown oources. Lack of 
sampling data en the quality of inflows from the San Jacinto River below Lake 
Houston make comparisons difficult, but quality is believed to be g::xxJ. No 
parameters ~re found in violation of Texas stream standards. 

Qual~_of ~stuarine ~aters 

Nutrient Concentrati~~in the Trinity-San ~~~into Estuary 

Historical concentrations of carbon, nitrogen, and phosphorus 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 ini­
tiated by the cooperative efforts of the U. S. Geological Survey and the Texas 
Department of Water Resources. Manpower and monetary constraints now limit 
the number of sites and frequency of sampling. 

While insufficient data precludes a determination of seasonal nutrient 
concentrations in the estuary, the data available from 1975 through 1977 can 
be used to determine general concentrations of carbon, nitrogen and phosphorus 
(CNP) in the Trinity-San Jacinto estuary. 

The estuary was divided into five major segments for the analysis: (1) 
Upper Galveston Bay (which includes those sampling stations north of sampling 
line 350); (2) Lower Galveston Bay (which includes those sampling stations at 
and south of sampling line 350); (3) Trinity Bay; (4) west Bay; and (5) East 
Bay (Figure 4-6). Only those sample sites located away from major population 
or industrial centers in open bay waters were considered, since nutrient con­
centrations near these locales might bias resultant concentrations in open 
waters. 

Freshwater discharges from the Trinity River and contributions from the 
deltaic marshes of the Trinity delta have been a major oource of nutrients for 
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*Silica, Si02 mgtl 
4. 1s·8 

I- "- f-. f- .- .-·,4 17 

36 43 
*Calcium, Ca+2 

mgtl 
J.jf-f- f--1-'- f- -- -- -i~7 

*Magnesium, Mg+2 mgtl 

*Sodium, Na+ 1 
mgtl 

Bicarbonate, HC03- 1 mgtl 

"Sulfate, S04 -2 mgtl 
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mgtl 
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/Jgtl 
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Figure 4-5. Range of Values for Water Quality Parameters, Gaged Inflow 
to Trinity-San Jacinto Estuary, October 1976-September 1977 
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the Trinity-San Jacinto estuary. The Trinity River accounts for 78 percent of 
. the gaged freshwater inflow to the estuary. The watercourses that drain the 
City of Houston empty into the Houston Ship Channel, and subsequently contri­
bute inflow to Upper Galveston Bay. This inflow constitutes only 6.9 percent 
of the gaged flow to the estuary; yet CNP concentrations are high enough that 
total nutrient loadings from this source outweigh those from the Trinity River 
inflows. From this discovery it ~lUld be expected that Upper Galveston Bay 
and Trinity Bay \\Ould experience higher nutrient concentrations than other 
portions of the estuary, a result that is generally borne out by the water 

·quality data (as discussed below). 

The CNP data for each of the five distinct PJrtions· of the estuary were 
tabulated, averaged, and subjected to standard statistical methods for c0m­

parison of the means (student's t-test) to determine which of the portions of 
the estuary, if any, consistently exhibited CNP concentrations significantly 
different from others. Frequency histograms of grouped nitrogen, phosphorus, 
organic carbon and total Kjeldahl nitrogen data were also plotted in Figures . 
4-7 through 4-10. 

AIrrnonia nitrogen, nitrite nitrogen and nitrate nitrogen were sumned for 
each sample to arrive at total available nitrogen concentrations. Arrm:mia 
riitrogen and total organic nitrogen were sumned for each sample to arrive at 
total Kjeldahl nitrogen concentrations. 

Total organic carbon ranged from 3.3 rng/l to 17 rng/I. Student's t-test 
analyses revealed that the concentrations of organic carbon in Upper Galveston 
Bay were significantly higher (95 percent confidence level) than those in 
Lower Galveston and West Bays. There was no significant difference between 
the concentrations found in Upper Galveston Bay and Trinity Bay segments. In 
addition, student's t-test analyses revealed that the concentrations of 
organic carbon in Trinity Bay were significantly higher (95 percent confidence 
level) than those concentrations in Lower Galveston Bay and West Bay. 

Total Kjeldahl nitrogen ranged from 0.11 rng/l to 1.61 rng/I. Student's 
t-test analyses revealed that the concentrations of total Kjeldahl nitrogen in 
Upper Galveston Bay were significantly higher (95 percent confidence level) 
than those concentrations of total Kjeldahl nitrogen in Trinity Bay, Lower 
Galveston Bay, and West Bay. In addition, the total Kjeldahl nitrogen concen­
trations in Trinity Bay were also significantly higher (95 percent confidence 
level) than those concentrations in Lower Galveston and West Bays. The con­
centrations in East Bay were significantly higher (95 percent confidence 
level) than those concentrations found in Trinity Bay. 

Total phosphorus concentrations ranged from 0.08 rng/l to 0.55 rng/I. 
Student's t-test analyses revealed that the concentrations in the Upper 
Galveston Bay segment were significantly higher (95 percent confidence level) 
than those concentrations of phosphorus in all other remaining bay segments. 
Likewise, the concentrations in Trinity Bay were also significantly higher (95 
percent confidence level) than Lower Galveston Bay, East Bay and West Bay. 

Total nitrogen concentrations ranged from 0.03 rng/l to 0.67 rng/I. 
Student's t-test analyses revealed that the concentrations of nitrogen in the 
Upper Galveston Bay segment were significantly higher (95- percent confidence 
level) than those concentrations in all other segments but East Bay. Also, 
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the roncentrations of nitrogen in Trinity Bay were significantly higher (95 
percent ronfidence level) than those roncentrations in the Lower Galveston and 
and West Bays. 

Heavy Metals 

The scope of this section is rot intended to be a a:rnprehensive analysis 
of the sources from which heavy metals originate in the area. The purpose is 
to summarize the available data on the heavy rretals and give the range of 
values that have been found in sampling efforts. 

Samples of the bottom sediments in the Trinity-San Jacinto estuary were 
collected by the Texas Department of Water Resources at 16 data rollection 
sites shown in. Figure 4-6 for the period of record 1974' through 1978. The 
heavy metals detected included arsenic (As), cadmium (Cd), ropper (Cu), lead 
(Pb), manganese (Mn), nickel (Ni), zinc (Zn), and mercury (Hg). 

Statistical analyses were rot possible due to the limited number of 
samples for the test period from 1974 to 1978. The range of values for heavy 
metals detected in Galveston Bay, Trinity Bay, Clear Lake, West Bay, East Bay, 
Texas City Ship Channel, Tabbs Bay, Bayport Channel, Christmas Bay and Choco­
late Bay are listed in Table 4-5. 

Accumulation of metals in bottom deposits may rot be detectable in over­
lying water samples, yet still exert an influence from time to time. Wind and 
tide induced water IlOvements, ·ship traffic and dredging activities are oome 
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 IlOvement and distribu­
tion of dissolved substances between Water and sediment. Microorganisms liv~ 
ing on the bottom (benthos) also play an important role in the circulation of 
metals by taking them up from the sediment, sometimes ronverting them to mOre 
toxic forms. Heavy metals in sediment and water may pose a threat to fish and 
shellfish as these organisms generally roncentrate certain toxic metals in 
their bodies when feeding in polluted areas. Reduction of productivity in 
the area may be the result of toxic effects of heavy rretals 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 SJme areas of the 
Trinity-San Jacinto estuary exceed the u. S. Environmental Protection Agency 
criteria for metals in the sediments (prior to dredging).' The following ron­
stituents have been found in violation of these standards in at least one 
sample: arsenic, cadmium, ropper, lead, and zinc (Table 4-5). 

Pesticides and Herbicides 

'Samples of the Ix>ttom sediments in the Trinity-San Jacinto estuary were 
collected at five data rollection sites shown in Figure 4-6 for the period 
from 1974 to 1978 through the Texas Department of Water Resources sampling 
program. The data were analyzed for pesticides and herbicides roncentrations. 
The parameters detected were heptachlor and heptachlor expoxide but at levels 
below or equal to detection limit of 0.1 ~g/kg. Statistical analyses were not 
possible due to the limited number of samples available. 
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Table 4-5. Ranges of Metals in Sediment Compared to USEPA (1974 ) Dredge Criteria ~ 

Station 
Location !:>I : Galveston Bay Trinity Bay Clear Lake East Bav Dredge 

& USGS Criteria 
Station: 2421.04 2421. 05 2421.06 2422.01 : 2422.04 2425.012 2425.02 2425.014 2423.01 

lI1umber: 
Parameter Uni ts are IOC!/kg 

Arsenic 2.12-14.0* 4.5-43.0* 2.57-7.10* 5.7-10.0* 0.55-3.0 4.2-43* 3.4-14* 4.7-12.0* 3.43-9.0* 5 

Cadmium 0.52-<2.0 0.5-<2.0 0.83-1. 9 0.01-<2.0 <0.6-1.7 0.5-<2.0 0.5-<3.0* 0.9-<2.0 0.510-1.3 2 

Copper 4.0-14.0 6.0-18.0 7.02-15.2 1.0-8.0 1.0-10.4 31.0-64.0* 33.0-196* 26-44 2.05-7.0 50 

Lead 3.4-24.6 11.2-61.1* 17.1-32.8 7.3-25.4 2.75-13.8 21.6-39.8 15.0-67.6* 24.0-64.6* 4.0-22.4 50 

Manganese 183.9-327 151.0-330.0 308.3-502.3 288.8-876 64.9-1121.9 178-355 225-799 168.2-340 126.6-184.5 

Mercury , <0.10 <0.10-0.20 '<0.10 0.10 <0.,10 0.05-<0.10 <0.10-0.20 0.07-0.20 <0.10 

Nickel 5.0-10.7 7.0-28.0 12.5-20.7 7.3-23.0 2.4-19.0 13.2-25 13.1-33 12.1-29.0 5.3-16.5 50 

H Zinc 25. 1~53.0 25.7-106.0* 41.7-68.0 19.6-61.4 9.4-36:2 51.3-82.0* 40.3-12540* 50-77* 28.0-56.4 75 
'f 
IV a/ Includes data fDam reference (277) lJ1 

b/ See Figure 4-6 for station locations -. Denotes at least one sample in violation of EPA's dredge ,spoil criteria 



Table 4-5. Ranges of Metals in Sediment Canpared to USEPA (1974) Dredge Critecia ~ (cant'd.) 

'---Statlon----:----TexasClty-----,----------:---------- -------,-----------,------
Location IY :. __ ~hip Ch"",,~l_u ___ ~Tabt>.~~: Bayport Channe~ : Chocolate ~.'- ClJ.r:istrna~: West Bay 

& USGS 
Dredge 

Criteria 
Station: 2437 .0~ __ :. __ 2.437. 03. __ :._~~2.6.01 __ '__ __ ~~~9.! ____ :. .. _~3.2..:.9.1... __ :__ 2434,9.2.._ .--'--_"'24::.:2"'4"."'0"'-1-" _____ _ 

Number: 
~~e_t.~r: ___ ... _ . .:.. .. __ ._ .... _ .. ___ .. ____ ._ ...... __ . __ ..... _ .. __ ._._ .. __ l!n_i:.t.~_a.~IT9/kg _._._. ___ ... ____ . _____ _ 

Arsenic 3.6-11.0* 7.1-11.0* 3.5-9.6* 2.36-5.0* 4.58-9.0* 6.0* 

Cadmium 0.01-2.4* 1.0-2.4* <1.0-3.5* <1.0-1.03 0.9-1.5 <1.0 

Copper 0.01-21.8 14.8-60.5* 9.6-17.3 6.5-13.8 5.5-11.0 7.0 

Lead 0.05-50.0* 38.7-60.1* 26.6-57.8* 6.0-30.8 15.3-47.3 10.0 

Manganese 354.8-1043.6 256.0-397.0 227.4-434.7 185.1-352.0 500-983.6 363 

Mercury <0.10 <0.10 0.40 <0.10 <0.10 <0.10 

Nickel 21.0-27.8 19.3-26.6 17.5-25.3 10.9-23.6 14.5-37.0 

Zinc 29.8-80.1* 56.2-84.0* 61.2-104.9* 23.2-64.6 34.5-90.2* 35.0 

OaF-includes -data-fran-reference(277 ,------------------------ --- --- -----.. ------------------------. 
b/ See Figure 4-6 for station locations 

3.36-4.1 5 

0.59-1.87 2 

5.9-14.0 50 

10.8-50.5* 50 

196.0-345.8 

0.20 

11.6-22.4 50 

17.8-70.2 75· 

., *,. Denotes at least one sample in violation of EPA' 5 dredge sp:>il criteria 
'f 
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Sl.IIml1ary 

Sources of freshwater inflow to the Trinity-San Jacinto estuary include 
gaged inflows from the contributing rivers and streams; ungaged runoff; return 
flows from municipal, industrial and agricultural rources; and precipitaiton 
on the estuary. Measurement of sources of freshwater inflow adds to the 
understanding of inflow timing and volumes and their influence on bay pro­
ductivity. 10 acquire accurate inflow measurements, gaged stream flows 
require adjustment to reflect any withdrawals or return flows downstream from 
gage locations. Ungaged runoff is estimated by canputerized mathematical 
models using field data for calibration and verification. Rainfall is esti­
mated 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 to 1976 period varied widely from the mean as a result of recurrent 
drought and flood conditions. On the average, total freshwater inflow to the 
estuary is estimated at 11.34 million acre-feet per year (14 billion m3). 

In general, the water quality of gaged inflows to the estuary from the 
Trinity River is good. Inflows from Buffalo Bayou and other urban drainage 
ways reflect significant nutrient loadings. No parameters were found· in 
violation of existing Texas stream standards. Studies of past water quality 
in and around the estuary have noted the occurrence of heavy metals in sedi­
ment samples. Locally, bottom sediment samples from the Trinity-San Jacinto 
estuary have exceeded the U. S. Environmental Protection Agency criteria for 
metals in sediment (prior to dredging) for arsenic, cadmium, copper, lead and 
zinc. 

Basic hydrologic data described in this Chapter (Chapter IV) is used as 
input to modeling studies discussed in Chapters V, VIII, and IX. 
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CllAPl'ER V 

CIRCULATICN lIND SALINITY 

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 enter through various outfall installations, 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 major Gulf Coast estuaries occurs through narrow con­
stricted inlets or passes and in a few cases, through dredged navigable chan­
nel 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 IIDst 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 analy­
ses can be considered only partially complete until interfaced with the hydro­
dynamic and transport characteristics of a given estuarine system. 

The following sections of Chapter V will a::ldress the development and 
application of the hydrodynamic, mass transport, and marsh inundation JIDdels 
used to evaluate the circulation and salinity patterns of the Trinity-San 
Jacinto estuary. ' 

Description of_the Estuarine Mathematical Models 

Description of Modeli~ocess 

A shallow estuary or embayment can be represented by several types of 
models. These include physical JIDdels, electrical analogs and mathematical 
models, each of which has its own a::lvantages and limitations. The a::laptation 
of any of these JIDdels to specific problems depends upon the accuracy with 
which the, model can simulate the prototype behavior to be studied. 
Furthermore, the selected JIDdel 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 oolution by 
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any acceptable method. The mathematical statement of a process consists of an 
input, a transfer function and an output. The output fran a given system or 
component of a system is taken to be related to the input or oome 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 complicated, it is 
usually convenient to resort to a numerical method in I>hich the system is 
discretized so that the boundary conditions for each element can be applied or 
defined. Thus it becomes lXlssible to evaluate the complex behavior of a total 
system by considering the interaction among individual elements satisfying 
ccmnon 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. 

Numercial methods are well adapted to discretized systems I>here the 
transfer functions may be taken to be time independent wer Short time inter­
vals. The developnent of high-speed digital computers· with large meoory 
capacities makes it lXlssible 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 imp:>sed on the solution method by budget restrictions or by desired 
accuracy, there is an optimum size of element and time interval imlXlsed by 
mathematical considerations I>hich allow a solution to be obtained I>hich is 
mathematically stable, convergent, and compatible. 

Mathematical Model Developnen~ 

A mathematical model to simulate the tidal and circulation patterns in 
the Trinity-San Jacinto estuary was developed by Tracor, Inc. for the Texas 
Water Quality Board's Galveston Bay Project (390-420). This model was modi­
fied by personnel of the Engineering and Environmental Systems Section for use 
as a long~range water resources planning tooL A conservative translXlrt model 
designed to simulate salinity distributions in the Trinity-San Jacinto estuary 
was adapted from a similar model developed by Masch (173) for the Lavaca-Tres 
Palacios estuary. These models are designed to simulate the tidal· and circu­
lation patterns and salinity distributions in a Shallow, irregular, non­
stratified estuary. The two models are sequential (Figure 5-1) in that the 
tidal hydrodYnamic model Computes temlXlral histories of tidal amplitudes and 
flows. These are then used as input to the conservative mass translXlrt model 
to Compute vertically averaged salinities (or ·concentration of any other con­
servative material) under the influence of various source salinities, evapora­
tion, and rainfalL Both of these models have "stand alone" capabilities, 
although it must be recognized that the mass transport model ordinarily 
cannot be operated unless the tidally generated convective inputs are avail­
able. 
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Figure 5-1_ Relationship Between Tidal Hydrodynamic and Salinity Models· (173) 
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Hydrodynamic Model'. ' Under the assumption that the bays are vertically ~ll­
mixed, and the tidally generated convection in either of the two area-wise 
coordinate directions can'be presented with vertically integrated velocities, 
the mathematical dlaracterization 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 suitlna\:y,the equations of 
motion neglect the Bernoulli terms but include wirid stresses and 'the Cbriolis 
acceleration, and can be written as: 

e 

fq '\; + K V~ sin e 

The equation of continuity for unsteady flow can be expressed as 

where 

a~ a~ + ah __ 
"'--x' + r - e av ,ay at 

x,y = horizontal Cartesian coordinates 
t= tiine 

[ 1] 

[ 2] 

[3] 

~,~ = 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 elevation with respect to msl 
q = (qx2+ qy2)l:l ,= magnitude of flow per unit width 
f'=dimensionless ,bed resistance coefficient from the Manning 

Equation 
Vw _= wind speed at a specified elevation above the water surface' 
~ angle 'between the wind, velocity vector and the x-axis 
K = dimensionless wind stress coefficient 

',Q = Coriolis parameter = 2wsin¢ 
W = angular velocity of the earth = 0.73 x 10-4 radlsec 
¢ = latitude = 29.5° for the Trinity-San Jacinto estuary 
r = rainfall intensity 
e = evaporation rate. 

The numerical solution utilized in the hydrodynamic model of the 
Trinity-San Jacinto estuary involves an explicit computational scheme >.here 
equations [1], [2], and [3] are solved over a rectangular grid of square cells 
used to represent in a discretized fashion thej:hysiography and various 
boundary conditions found in this bay system (Figure 5-2)., This explicit 
formulation of the hydrodynamic model requires for stability a computational 
time step, lit, < lsi ( 2gdmax) l:l , >.here 1I s is the cell, size and c'lmax 
the maximum water depth encountered in the computational matrix. The numeri­
cal solutions of the basic eqUations and the programming techniques have been 
described previously (173). 
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The following data comprise the basic set for applying the tidal 
hydrodynamic model. Time varying data should be supplied at hourly 
intervals. 

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 inflows 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 
sal1nity can be described througn--the convective-dispersion equation Which is 
derivable from the principle of mass conservation. For the case of a two­
dimensional, vertically-mixed bay system, this equation can be written as: 

<l(cd) a(~c) a (<iyC) a 
-- + ---- + -'--- = ._-at ax . <ly ax 

[D a(cd)] +-2 
x ax ay 

+K cd e 
[ 4] 

where C is the tidally averaged salinity or 'IDS concentration; '1x and 
qy are the net flows aver a tidal cycle in the x and y directions, re­
spectively; Ox and Dy are the corresponding dispersion coe~icients eval­
uated at a scale representative of total tidal mixing; and d is the aver­
age depth aver a tidal cycle. The term Ke Cd is a first order reactive 
term included to represent the buildup of concentration due to evaporation 
from the bay surface, and Ke is a coefficient determined volumetrically in 
accordance with methods described by Masch (173). The primary difference in 
the form of Equation [4] given above and that reported previously (173), 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 
alternating direction implicit (ADI) solution of Equation [4] applied aver 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 solution scheme is unconditionally stable and there are no restric­
tions on the computational time step, nt. However, to maintain accuracy and 
to minimize round-off and truncation errors, a condition corresponding to 
nt/nS2 ~ l:z was always maintained throughout this "-Drk. Details of the 
numericai solution of Equation [4] and programming techniques have also been 
previously described by Masch (173). 

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. 
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Marsh Inundation Model. The marsh inundation rrodel, DELTA, is a one-dimen­
sional mathematical rrodel capable of simulating basic hydrologic and nutrient 
transport characteristics in a deltaic system. DELTA' is adapted to simulate 
single events such as log-flow periods, high tides, flood events (or any type 
of related event) with a duration of less than 22 days. Through the applica­
tion of constant freshwater inputs and a repetitious tidal cycle, a "steady­
state" event covering longer periods of time may be examined. DELTA is made 
up of two smaller rrodels, a hydrodynamic submodel, HYDELT, and a mass-transfer 
submodel, Ml'DELT. 

( 1) HYDELT. For the calculation of tides in estuaries and tidal rivers, 
HYDELT asSlDl'teS that all flow I10rnentum is concentrated in the longitudinal 
canponent of the channel and that \>hen inundated, the flood plain serves 
principally as vollDl'te storage and carries relatively little longitudinal 
momentum. Neglecting Coriolis acceleration and surface wind-stress, the 
governing equations are the conservation of longitudinal nornentum and con­
tinuity for one-dimensional tidal flows: 

and 

aQ + a (Q) 
at 'ax A + gA aH + ' gn

2 
Q p' = 0 

ax 2.22 AR '/3 

aH +..! aQ _ Qf = 0 
at B ax As 

[ 1] 

[ 2] 

In equations [1] and [2], Q is the flow in the oonveyance channel; A is the 
cross-sectional area of the conveyance channel; H is the water level; R is the 
hydraulic radius; n is Manning's roughness parameter; B is the lateral width; 
As is the surface area including lateral storage; z is the height of channel 
bottom above an 'arbitrary datum; Qf is the lateral discharge into the chan­
nel; g ,is the acceleration of gravity; x is the distance in the longitudinal 
direction; and t is time. 

Solution of Equations [1] and [2] utilize the "leapfrog" method of finite 
differences \>hereby water depths, inundated surface areas, and lateral channel 
discharges are determined at the center of each segment" \>hile longitudinal 
flow quantities and velocities are determined at segment boundaries (Figures 
5-3 and 5-4). This solution technique has been proven to be stable for hyper­
bolic systems, such as those described by Equations [1] and [2], so long as lit 
< (!:x/c); where lit is the solution time step, and ,c is the maximum phase 
velocity of a wave.JI • 

(2) MTDELT. The mass-transfer submodel, Ml'DELT, used in conjunction 
with the hydrOdynamic sul::m:xlel, simulates the influence of exchange rates on 
nutrient levels in the deltaic system. MTDELT can simulate organic nitrogen, 
arnronia, nitrite, nitrate, total phosphorus,' total 'carbon, and two species of 
algae. 

,MTDELT uses the one-dimensional mass continuity equation: 

..! --2.. (AC) 
A at 

+ ..!2 (AUC) 
A ax 

= - .--
A ax 

ac + (AE ._-) '- S 
L ax 

[3] 

V-CIS approximated as (gD)~ 
,- local water velocity. 

+ U, \>here D is water depth and U is the 
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Figure 5-3. Definition of Variables in Cross Section (173) 
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Figure 5-4_ . Definition of Finite-Difference Segmentation 
for Hydrodynamic Model (173) 
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In equation [3], C is the oonstituent ooncentration; EL is the longitudinal 
dispersion ooefficient, and S represents sediment transfer, biological re­
actions, plant intake, influent sources, and withdrawal sinks. 

(3) Calibration and Validation of the Marsh Inundation Model. The 
hydrodynamic subrodel, HYDELT, was calibrated .and valIdated for-theTrinity 
River Delta by Hauck (52, 62). 

Trin~River Delta. For the purpose of inundation analysis, the area of 
. the Trinity River delta of ooncern is that region shaded in Figure 5-5. 

(The segmentation schematic utilized for the Trinity delta is also shown 
on this same figure). This shaded area is oonsidered to be biologically 
the ITDst important area of the Trinity marsh systems, bounded on the 
south by the Wallisville levee and oontinuing northward to the beginning 
of the cypress swamp area. The eastern boundary is the Trinity River, 
and the area extends westward from the river to the beginning of the 
uplands. Included within this area are all major marsh regions subject. 
to inundation from river flow. This marsh area is highly productive and 
inundation to a minimum depth of 0.5 ft. (0.15 m) oontinually for two 
days should result in the flushing of nutrients into Trinity Bay. 

Another· large productive marsh region lies to the oouth of the Wallis­
ville levee. However, this region is emitted from the study area because 
it is not significantly influenced by Trinity River water elevations due 
to the presence of the levee, but rather tidal elevations, independent of 
river flow, determine water levels in this region. 

The periods mosen for simulation were selected based on tides and fresh­
water inflow and on the availability of data to verify the velocities and 
water depths predicted by the model. The availability of adequate 
verification data restricted the period of study to October 1975 through 
February 1977. The majority of verification data oonsists of water 
elevations (river stage or tide record) from oontinuous recording gages 
operated by the U.S. Geological Survey (USGS), U.S. COrps of Engineers 
(USCE) and TDWR. From October 1975 through September 1976, water eleva­
tion reoords were available from the gage at the oonfluence of the end 
and Lost Rivers (section 34) and from the gage on the Trinity River at 
Liberty (section 92). Beginning October 1976 through February 1977 tide 
reoords were available from the gages on Anahuac Channel at Anahuac 
(section 48), on the Old River Cutoff Channel (section 24), on Lake 
Charlotte (section 165), on the Sulphur Barge Channel (section 162) and 
on the Lost River near Wallisville (section 200). Unfortunately, the 
tide records from the Lake Charlotte and Lost River gauges were often 
unuseable as verification data. The Lake Charlotte gage does not reoord 
water elevations below 1.1 ft. (0.3 m) and the Lost River gage was not 
operating reliably during a majority of the. period. Daily stage readings 
for the stream gage at Liberty were also available for this time period. 
In addition, for January 1977 tide data are available from the Old River 
gage near Mont Belview (same location as Old and Lost River gage, section 
34) • 

In addition, from November 30 through December 2, 1976, an intensive 
hydrologic and biologic study was oonducted jointly by USGS, 'IDWR and 
Espey, Huston & Associates personnel. For various pxtions of this 
three-day period, instantaneous velocity and flow measurements were taken 
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at time intervals of from one to six hours at the following locations: 
Old River Cutoff (section 144), Trinity River above Jack's Pass (section 
53), Long Island Bayou above lTOuth (section 22), IDng Island Bayou at 
levee breach (section 23), Anahuac Channel (section 47), Cove Bayou 
(section 120), Cross Bayou (section 125), Lake Pass (section 158), Cotton 
Bayou (section 132), IDst River near Interstate Highway 10 (section 192), 
Old River near Interstate Highway 10 (section 33), Mac Lake (section 165) 
and the Cutoff (section 169). 

Low Flow Simulations. ' 10 initially test the Segmentation of the physical 
system, the hydrodynamic ITOdel was used to simulate two low flow 
equilibriumll periods. Because of 'the large size of the system 
being simulated, it takes a "start-up time" of 24 to 36' hours for the 
simulated system to recover from the inaccuracies of the assumed initial 
conditions and to show proper response to the boundary oonditions and 
mathematical equations. For this reason the first 24 hours of each 
simulation is not presented. 

The first low flow equilibrium period selected was from April 14 through 
April 21, 1976. During this time period, the flow in the Trinity River 
at Romayor was approximately 1,600 ft3jsec (45.3 m3jsec) with an 
additional 40 ft3jsec (1.1 m3jsec) of inflow determined as entering 
beld;,., this gaging location, and diversions totaling 500 ft3jsec (14.2 
m~jsec) were calculated to occur below Liberty. The tide at Morgan's 
Point during this' time was initially semidiurnal changing to diurnal 
(Figure 5-6). There was a strong &:lutheast wind during nest of this 
period, particularly on April 15-18, while a light northerly wind 
prevailed on April 21. The wind influence on the bay ,results in the 
water elevation set-up on April 15-18. 

The results of the simulation were compared with' the measured water 
elevation records at the Liberty gage and the Old and Lost Rivers gage as 
shown in Figure 5-7 and 5-8, respectively. The measured and simulated 
river stages at Liberty compare favorably, though' only minor tidal 
influence is observed at this location. ' The major discrepancies occur on 
the first and last days of the simulation. On the first day, the error 
is due to the "start-up time" of the ITOdel, that is, the river flow is 
still adjusting from' the assumed initial conditions. As the boundary 
inflow from the Romayor gage (section 108) reaches the Liberty gage 
location (section 92) an increase to approximately the proper water 
elevation is observed. The last day of simulation, April 21, is the 
beginning of passage of a large flood. The increase in stage was not 
adequately accounted for in this steady-cstate case. The simulated and 
recorded tides for the gage at the Old and Lost Rivers also compare 
favorably. The phase error is small, approximately one hOur. Tidal 
amplitudes also are adequately simulated. For a majority of the 
simulation period the error between simulated and recorded tides is less 
than 0.2 feet (0.06 m) with a maximum discrepancy of 0.5 ft. (0.15 m) 
occurring on April 18. 

17--" Low -flow equilibrium", or "steady state" refers to the condition when the 
,- streamflow over the desired period was nearly constant. Such 'a oondition 

eliminates the streamflow variability' in the system, and permits an assess 
ment of how adequately the ITOdel replicates tidal variations through the 
system. 
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The second low-flow equilibrium case selected was the period from 
November 16 through November 23, 1976. During this period the Trinity 
River gage at Ranayor was not recording" but based on the flows at 
Goodrich gage located 23 river miles above the'segmentation, a river flow 
of 1,200 ft3/sec (34 m3/sec) was determined as the- input at the upper 
boundary of the segmentation (section 108). Diversions for this period 
were calculated to be only 60 ft3/sec (1.7 m3/sec). Sane a::lditional 
runoff was required due to a 1- to 2-inch rain 1J1ich occurred wer the 
lower Trinity watershed on November 19-20. Because of tidal influences 
at 'the Liberty gage for river flows below 10,000 ft3/sec (283 
m3/sec), the water stage records at Liberty could not be used as a 
conpletely reliable source to estimate flows for this low water period. 
But in lieu of any other information and based on the one-foot river 
stage rise from November 20-22, a hydrograph with a peak discharge of 
1,000 ft3/sec (28 m3/sec) was input at segment 95. This a::lditional 
inflow is not of significant magnitude to appreciably alter rrost of the 
tide records in the deltaic system, so this ,simulation is still 
considered a low-flow equilibrium case. The 'driving tide as recorded at 
Point Barrow during this period was initially semidiurnal changing to 
diurnal (Figure 5-:-9) and winds were light and from the north. 

The results of the simulations were =pared with the tidal records for 
the Old' River Cutoff Channel gage, the Anahuac Channel gage and the 
Sulphur Barge Channel gage as _ Shown in Figures 5-10 through 5-12. The 
Lake Charlotte gage did not properly record the tides of this period 
which were almost entirely below the elevation this gage can record, and 
the Lost River gage was not functioning properly during this time inter­
val. So neither gage was employed for verification of data. 

The simulated and recorded tides for the Old River Cutoff and Anahuac 
Channel gage locations, Figures 5-10 and 5-11, respectively, =pare 
favorably as far as tidal amplitude and fbase. However, a datum error of 
approximately 0.3 ft. (0.9m)is apparent at both locations. The measured 
tide is oonsistently lower than the simulated tide at both gages. A 
COIlparison of the model driving tide from the Point Barrow gage with 
these two gages also indicates that the driving tide is higher than the 
measured tides at the Old River Cutoff and the Anahuac Channel gage. It 
seems' unlikely during this period of light winds that mean water 
elevations would decrease in the upstream direction, as this implies. It 
is rrore likely that there is a datum error, resulting from subsidence of 
gages or from a survey error when setting gage datums. 

The simulated and recorded tides at the Sulphur Barge Channel gage =­
pare satisfactorily (Figure 5"':12). The simulated tide lags the measured 
tide by approximately two hours. For the first four days tidal ampli­
tudes are well simulated, though for the last four days significant 
errors are apparent ~ ,The simulated tidal troughs are deeper than the 
measured troughs and this 'error may be due to ungaged local runoff 
dampening the tidal amplitude and raising the water elevation in the 
Sulphur Barge Canal. 

Flood Simulations. During this study period, two floods occurred and 
caused an appreciable rise in water elevation ,in the delta region. 
Though these floods inundated essentially the entire marsh area, the 
conditions of one-dimensional flow as implicitly assumed in the =puter 
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rode were apparently oot violated in the P'lysical system. As for the 
low-flow equilibrilDll cases, the first day of the simulation was omitted 
because of the required "start-up time". ,Because of the long duration of 
both of these floods, three to four weeks, only that p::>rtion of the flood 
which resulted in significant influences on the delta was simulated. 

The first of these floods was simulated as the period June 1 through June 
16, 1976. 'Ihis simUlation case represents a nearly ideal flood case ~om 
a meteorological viewpoint. Heavy rains of as much as five inches occur­
red over much of the Trinity watershed on May 31 and June 1, and 00 other 
significant rains occurred during the remainder of the simulation period. 
period. Errors due to rainfall on the lower watershed during the, flood 
~r se are minimal. For the entire period winds were of m:x1erate speed 

rom the northeast on the first nine days and shifting to the ooutheast 
for the last seven days. 'Ihe driving tide at /obrgan's Point during this 
time was initially diurnal, changing briefly to semidiurnaland then re­
turning to diurnal (Figure 5-13). Because special calculations were 
performed by the USGS, flows in the Trinity River at Rcmayor plus esti­
mates of the additional inflow occurring between the Rcmayor and Liberty 
gages were available. A maximlDll daily-average flow of 33,200 ft3/sec 
(940 m3/sec) was measured at the Rcmayor gage on June 3. A listing of 
the daily flows used as input to the m:x1el are presented ,in Table 5-1. 
Withdrawal at section 86 for irrigation purp::>ses was calculated to be 
1,000 ft3/sec (28 m3/sec). 

The comparison of simulated and measured water elevations for the Liberty 
gage and the Old and Lost River gage are shown in Figures 5-14 and 5-15. 
The flood passage as recorded at the Liberty gage is satisfactorily 
simulated. 'Ihe simulated water elevation does show significant error 
over the last four days, June 1 3-16 ; however, for the remainder of the 
period, simulated elevations are within two feet (0.6 m)of recorded 
elevations. 'Ihe simulated and measured water elevations at the Old and 
Lost River gage also compare favorably. The simulation does indicate 
rising water elevations before they were measured, particularly June 3-5. 
The peak water elevation and its duration are simulated quite accurately 
as is the gradual subsidence of the flood. 

The simulated flood levels in the delta at four day intervals on June 1, 
5, 9, 13 and 17, 1976 are presented in Figures 5-16 through 5-20, re­
spectively. 'Ihis sequence of figures indicates the water level above 
bank elevation at hour 0000 CST for each day mentioned and depicts the 
rise and subsequent fall of water levels with the passage of the flood. 
On June 1 (Figure 5-16) m:x1erate levels of inundation are indicated 
because of the relatively high tides of this period. By June 5 (Figure 
5-17) flood waters are causing increased water levels in the upper delta 
and along the Trinity River, and by June 9 (Figure 5-18) the maximlDll 
water levels are occurring throughout the delta area. 'Ihe June 13 and 17 
simulations (Figures 5-19 and 5-20) indicate water levels as the flood 
waters recede. 

The second flood was simulated for the period December 12-27, 1976. Due 
to heavy rainfall of approximately 5.0 inches (13 em) on the deltaic 
region during this period and because the streamflow gage at Rcmayor was 
inoperative, it was difficult to estimate flow in the Trinity River. 'Ihe 
gaged flow from the Goodrich gage was used as the headwater flow condi-
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Table 5-1. Daily Flow a/ Records for the Trinity River, June 1-16, 1976 (52) 

DATE TRINITY' HEADWATER a/ ADDITIOOAL INFLCW b/ 
__ Segment 108 _-=-______ '-_· _____ segment 95 -

( ft3/sec) 

June 1 16,900 1289 
June 2 31,500 1384 
June 3 33,200 1050 
June 4 32,800 1035 
June 5 31,800 983 
June 6 29,100 947 
June 7 27,600 968 
June 8 24,900 760 
June 9 23,100 660 
June 10 21,100 454 
June 11 17 ,800 240 
June 12 13,800 137 
June 13 9,010 95 
June 14 5,830 79 
June 15 3,780 83 
June 16 3,730 154 

ii7Allflows from USGS special -COinputations------------·-----·--------­
b/ Flows supplement Goodrich gaged flows in order to produce measured stage at 
- Liberty 
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tions at section 108 and a maximum daily-average flow of 26,800 ft3/sec 
(759 m3/sec) was recorded on December 16. Based on the daily staff 
readings at Liberty, it was apparent that oonsiderable inflow occurred 
between the Goodrich and Liberty gages due to the heavy rains on the 
lower watershed. An additional hydrograph was used as input at Segment 
95, and the hydrograph shape was oonstructed to supplement the Goodrich 
flows in a manner that Would ~uce the proper water stage at Liberty. 
The daily inflows from both inflow locations are presented in Table 5-2. 
withdrawals averaged over 60 ft3/sec (1.7 m3/sec) for this period. 
The driving tide at Point Barrow began as semidiurnal, became diurnal, 
and returned to semidiurnal (Figure 5-21). During this period, winds 
were generally from the north or east and of noderate speed, with the 
exception of a strong north wind on December 20 which resulted in the 
water setdown apparent in the driving tide at the same time. 

Simulated and measured water elevations are compared at the gages at the 
Old River Cutoff Channel, the Anahuac Channel, Lake Charlotte, and the 
Sulphur Barge Channel (Figures 5-22 through 5-25, respectively). The 
Lost River gage was not reoording properly during this period. 

In general, the simulated and measured tides compare favorably at both 
the Old River Cutoff Channel and Anahuac Channel gages. The approximate­
ly 0.3 ft. (0.09 m) datum error at both gages, previously mentioned with 
respect to the November 16-23 case, is still apparent in this simulation. 
The most significant discrepancies occurred during the lower tidal ampli­
tude on Decerriber 21 and 26. Overall tidal amplitude and !;i1ase are ade­
quately simulated at both locations, though the simulation during the 
wind setdown oondition is poor. 

The flood passage as recorded at the Lake Charlotte gage (Figure 5-24) is 
accurately simulated. Water elevation and !;i1asing of the flood is quite 
good. The short rise in water elevation measured at this gage on Decem- . 
ber 12 is most likely due to local runoff from a 1.5 inch (3.8 em) rain 
that occurred on that day. At the Sulphur Barge Channel gage, the 
simulated and measured water elevations exhibit poor agreement (Figure 
5-25) • The phasing of the flood is adequate, but the water elevation is 
as much as 3.0 feet (1 m) in error. This error can not be adequately 
explained. Input oonditions were set to produce proper water elevations 
at the Liberty gage, and elevations at the Lake Charlotte gage just off 
the river were accurately simulated. However, about two miles upstream 
from the Lake Charlotte area, the simulations at the Sulphur Barge gage 
show significant error. Whether this is due to significant unaccounted 
runoff (Spinks Creek empties into the marsh in this area) or whether the 
error is purely a simulation error can not be determined from this single 
flood case. Further investigation of other flood cases, as data becomes 
available, is required. 

The simulated flood water levels in the delta are presented at fuur-day 
intervals on December 12, 16, 20, 24 and 28 (Figures 5-26 through 5-30). 
As for the first flood, this sequence of figures depicts water levels 
above bank elevation at hour OOOOCST for each day mentioned for the 
deltaic ]X>rtion of the <XlITIputer segmentation. Prior to flood passage, 
some tidal inundation of the deltaic marsh areas is indicated on December 
12 (Figure 5-26). The next two figures in the sequence, for December 16 
and December 20, indicate the increased rise in water elevations with the 
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Table 5-2. Daily Flow Records for the Trinity River, Decernber .. 12-27, 1976 (52) 

DATE 

Dec 12 
Dec 13 
Dec. 14 
Dec 15 
Dec 16 
Dec 17 
Dec 18 
Dec 19 
Dec 20 
Dec 21 
Dec 22 

. Dec 23 
Dec 24 
Dec 25 
Dec 26 
Dec 27 

TRINI'lY ~TER !Y' 
Segment 108 

( ft3/sec) 

20,500 
. 22,500 

23,000 
25,200 
26,800 
25,300 
23 700 
23,000 
20,900 
16,300 
9,250 
6,629 
5,480 
4,860 
4,500 
3,660 

ADDITIONAL INFLOW bl 
Segment 95 -

o. 
o. 
o. 
o. 
o. 
o. 

750. 
2500. 
4300. 
5800. 
4500. 
3300 • 
4300. 
5800. 
5800. 
4800. 

a/ Flows fran USGS gage on Trinity River at Goodrich 
Iii Flows suwlement Goodrich gaged flows in order to produce measured stage at 
- Liberty 
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passage of the flood crest. Maximum levels of inundation occur on 
approximately December 24 (Figure 5-29). A rapid receding of flood 
waters occurs as indicated on Figure 5-30 for December, 28. Because of a 
ccmbination of wind setdown on the bay water elevations on December 26 
and 27 and the gradual receding of the flood stage, the delta flood 
levels lower quite rapidly. 

Intensive Study Simulation. An intensive diurnal biological and hydro-­
dynamic study was oonducted by the USGS, 'IDWR and EH&A from November 30 
through December 3, 1976. During this period two diurnal field programs 
were oonducted, one from approximately 1100 CST l'«:Jvember 30 to 1000 CST 
December 1 and the other from 1100 CST December 2 to 1 000 CST December 3. 
In order to take advantage of the flow verification data obtained during 
this study, a simulation was oonducted for the period November 26 through 
December 3, 1976. Streamflow was nearly oonstant at approximately 2,400 
ft3jsec (68 m3jsec) with diversions calculated to be 60 ft3jsec 
(1.7 m3jsec). The driving tide at Morgan's Point was diurnal during 
the entire period (Figure 5-31)., The wind during this time was light 
except for November 28 and 29 when rroderately strong north winds per­
sisted. A large wind setdown is apparent in the driving tide on these 
same two days. 

The simulated and measured, tides for the gages on the Old River Cutoff 
Channel, Anahuac Channel and the Sulphur Barge Channel are presented in 
Figures 5-32 through 5-34, respectively. Due to the low tides, the Lake 
Charlotte gage was not recording during this period and the Lost River 
gage was not reoording properly, so neither of these records are avail­
able. The measured and simulated tides at the Old River Cutoff Channel 
and at Anahuac Channel compare favorably. The tidal anplitude is repro-­
duced accurately and the tide Fhasing is within a oouple of hours. As in 
a previous simulation, the 0.3 ft. (0.09 m) datum error between measured 
and simulated tides is evident at toth gages. Besides the datum error, 
the major simulation inaccuracy occurs during the low tides resulting 
from the wind setdown. Taking into account the 0.3 ft. (0.09 m) datum 
difference, the simulated tide is approximately one foot too low during 
setdown conditions. 

The simulated and measured tidal amplitude and Fhase also cx:rnpare favor­
ably at the Sulphur Barge Channel gage (Figure 5-34). As at the two 
previous gage locations, the low tide period is px>rly simulated. In 
addition, the simulated tide is approximately 0.3 ft. (0.09 m) higher 
than the measured tide for !lOst of the period. This error was not 
apparent in the previous simulations and can not be easily explained. 
Water elevation in the Sulphur Barge Channel is oontrolled by a cx:rnbina­
tion of tides and river stage. Since the streamflow gage at lOnayor was 
inoperative at this time, input flows for the Trinity River were esti­
mated from the measured flow at the Goodrich and the Liberty gages on 
November 30 arid December 1 during the intensive inflow study. An aver 
estimate of river flow would result in a mean water elevation that is too 
high, which could be'an explanation of the 0.3 ft. (0.09 m) error. 

As noted previously, flow measurements from several sampling sites pro-­
vide a source of additional verification data. In fact, flow measurement 
is a !lOre preferable form of verification data than water-level records, 
since the objective of the rrodeling work is the simulation of transport 
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in the system. However, the individual rreasurements of velocity required 
to obtain flows are subject to complex turbulent fluctuations and in 
areas where relatively fresh river flows mix with highly Saline tidally 
influenced waters, bi-directional flows can occur, i.e., the lower 
density freshwater on the surface flows in one direction while heavier 
saline water at lower depths flows in the opposite direction. This 
should be kept in mind when comparing point-measured flows to the 
SIlDOthed flows of the model. 

For the first diurnal study (November 30 and December 1) the sampling 
sites were located at the Old River Cutoff (section 144), Trinity River 
above Jack's Pass (section 53), Anahuac Channel (section 47), Lake Pass 
(section 158), Mac Lake (section 165) and the Cutoff (section 169) 
(Figure 5-35). At this time, the system' was recovering from the wind 
setdown conditions of November 28 and 29. The reliability of the simula­
tion varies from location to location. The Old River Cutoff simulation 
is good, flows and direction correlate with rreasured values at all times. 
At the Trinity River above Jack's Pass and the Anahuac Channel the flow 
magnitudes correlate well, however, the simulation indicates a reversal 
in flow direction for a brief period which was not observed in the physi­
cal system. At Lake Pass and Mac Lake 't:l"\ere are at times significant 
errors in flow magnitude and in direction, but OIlerall the simulation 
satisfactorily reproduces the rreasured values. The poorest simulation 
was the Cutoff where rreasured and simulated flow direction are the same, 
but simulated flows are approximately an order of magnitude too large. 
With the exception of the Cutoff, the simulation of flows for this period 
is satisfactory. 

For the second diurnal study conducted on December 2 'and 3, a greater 
.<3 number of locations were rreasured. Included in the study were sites on 

the Cutoff (section 169), the Old River (section 33), the Lost River 
(section 192), Cotton Bayou (section 132), Trinity River above Jack's 
Pass (section 53), Lower Long Island Bayou (section 22), Upper Long 
Island Bayou (section 23), Cross Bayou (section 115) and Cove Bayou 
(section 120). 'Again the Cutoff location is the site of the P:x>rest 
simUlation. At this location the flow direction is in general correctly 
simLilated flows are approximately an order of magnitude too large. At 
Cross Bayou, Cove Bayou and Cotton Bayou simulated flows are of 
approximately the proper magnitude, though errors in flow direction do 
occur. At the remaining locations on the .Lost River, the Old River, 
Trinity River above Jack's Pass, the Upper Long Island Bayou and the 
Lower Long Island Bayou the simulated and measured flows canpare 
favorably. There do exist some discrepancies in flow and direction, but 
most of this error is the result of errors of 1 and 2 hours in the tide 
phasing. However, a signif icant error does occur at the Trinity River 
above Jack's Pass where a ,reversal in flow for two hours that is 
indicated by the' simulation did not occur in the physical system. 
Overall, this diurnal period was simulated favorably, the Lost River and 
Old River site rreasurements show. especially good canparison with the 
simulation results. 

This· particular case provides a good test of the simulating capabilities 
of the model, since the extremely low tides reSUlting from wind setdown 
provided somewhat abnormal antecedent conditions fran which the system 
may still be recovering during the diurnal studies. Considering the 
dynamic influence of tides and winds on this area and the fact that even 
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slight tidal phase errors can result in considerable error ~en comparing 
nearly instantaneous simulated and Ireasured flows, the rragnitudes and 
direction of flow compare favorably at rrost sampling sites. Large 
discrepancies do occasionally occur, especially at the Cutoff, but the 
model is capable of simulating flow direction and rragnitude at rrost 
locations in, the delta in a satisfactory rranner. 

A major objective of this study was to apply a one-1:1imensional hydro­
dynamic model to the flow regime within the Trinity River Delta and test 
the efficiency of 'the model by simulating periods for which tidal eleva­
tion and flow verification data were available for the system. This 
objective has been realized to the extent that the test applications 
indicate the model is capable of replicating observed water surface 
elevations within acceptable limits to predict flow regimes necessary for 
inundation of the marsh areas. Amplitude and phase of the tidal record 
were replicated accurately at several tide gage locations in the system. 
A slight (0.3 ft. or 0.09 m) displacement of the observed and simulated 
tidal records was in constant evidence at the Anahuac Channel and the Old 
River Cutoff gages. A study of relative water levels in the system, 
independent of model results, strongly suggests the discrepancy is in the 
data and not an error in the model. 

Limitations of available flow data prevent an unqualified judgeIrent on 
the model's ability to predict absolute levels of flow throughout the 
system. However, the model did exhibit the ability to replicate proper 
flow direction and periodicity. The major discrepancy in the model 
simulations occurred during the periods of strong north winds, which 
results in wind setdown in bay and deltaic waters and periods of low flow 
such as the onset of flow reversal at slack tide. This could be due to 
the occurrence of bi-directional flow or simply because the flows are 
below the threshold of the model's capabilities since the model was 
designed to predict the occurrence and extent of rrarsh inundation during 
periods of high tides and/or moderately high streamflow conditions. 

Application of Mathematical Models, ~inity-San Jacinto Estuary 

Hydrodynamic and Mass Transport Models 

The =nputational grid neboK,rk used to describe the Trinity-San Jacinto 
estuary is illustrated in Figure 5-36. The grid is superimposed on a rrap 
showing the general outline of the estuary. Included in the grid network are 
the locations of islands (solid lines), submerged reefs (dash lines), inflow 
points, and tidal excitation cells. The x-axis of the grid system is aligned 
aFProximately parallel to the coastline, and the y-axis extends far enough 
landward to cover the lower reaches of all freshwater oources to the bay. The 
cell size (one square nautical mile) is based on (1) the largest FOssible 
dimension that would provide sufficient accuracy, (2) the density of available 
field data, and (3) computer storage requirements and o::rnputational time. 
Similar reasoning is used in selection of the o:::rnputational time step except 
that the maximum possible time step in the hydrodynamic model is constrained 
by the criterion for mathematical stability. In the indexing scheme shown in 
Figure 5-36, cells are numbers with the indices 1 < i < IMAX = 45 and 1 < j < 
JMAX = 32. With this arrangement, all model parameters such as water depths-;-
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flows in each ooordinate direction, I:ottom friction, and salinity can be 
identified with each cell in the grid. 

The basic data necessary for the development, verification and calibra­
tion of the mathematical models include ,Gulf tides, measured tide at discrete 
points throughout each estuary, gaged freshwater inflows, estimate of ungaged 
and return flows, wind magnitude, direction and duration, evaporation, and 
measurements of conservative constitutents (chlorides, specific conductance or 
total dissolved solids, IDS) throughout the estuary and at each inflow 
source. Such a oompilation of data for a specified period of time is referred 
to as a "data package". 'Ibrough successive applications of the model to 
several independent data packages, the model is calibrated and verified. Data 
packages necessary for the calibration and verification of the estuary models 
are obtained through a oooperative program with the u.s. Geological Survey. 
Especially important is the oomprehensive data collection effort conducted in 
the estuary during July 1976. 

A representative sample of the results of the calibration of the Trinity­
San Jacinto Estuary models using data obtained during the July 1976 field 
study are presented in Figures 5-37 to '5-39 to demonstrate the ability of the 
models to simulate observed values of tidal amplitude, flow, and salinity 
throughout a tidal cycle at several locations in the estuary. 

To test the model's abilities to simulate the salinity response of the 
estuary over an extended time period, an operation schedule was developed to 
calculate the variation in salinity distribution during 1974 through 1976. 
The two-year period was divided into 39 consecutive hydrologic se­
quencesll. The minimum time period used as a hydrologic sequence was 
seven days. Seasonal averages were' used for the meteorological and tidal 
inputs. The results of the model operation showed reasonable agreement with 
observed data (Figures 5-40 to 5-45). l'erfect agreement could not be expected 
since the simulated results represented average salinity conditions for the 
time period covered by the hydrologic sequence ~ile the measured data were an 
instantaneous response of the estuary to the specific tidal, freshwater 
inflow, and meteorological conditions present at the time of the measurement. 

Marsh Inundation Model 

Studies were performed on the Trinity River delta in an effort to delin­
eate flow distribution patterns and establish areas that WJuld be subject to 
the previously defined inundation criterion of 0.5 feet (0.15 m) of depth per 
48 consecutive hours. 

In the Trinity delta study, estimates were made of the percentage of the 
delta surface area subject to inundation through the interaction of varying 
freshwater inflows and selected tides. The Trinity delta study area is the 
shaded area shown in Figure 5-5. This shaded area is considered to be bio­
logically the most important area of the Trinity marsh systems, I:ounded on the 

17-Anyorologic sequence is defined as a time period for ~ich the daily 
- inflow to the estuary can be reasonably represented by the mean daily 

inflow during that period, i.e., the variation in daily flow about the 
mean daily flow is small ~en compared to the magnitude of the mean daily 
flow. 
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south by the Wallisville levee ana oontinuing· northward to the beginning of 
the cypress swamp area. 'ItJe eastern IXlUndary is the Trinity River, and the 
area extends westward from the river to the beginning of the uplands. 
Included within this area are all major marsh regions subject to inundation 
fran river fl=. This marsh area is highly ·productive and inundation should 
result in the flushing of nutrients into Trinity Bay. 

Hydrographic input into the mcdel was taken from an idealized hydroqraph 
that was oonstructed from parameters derived from five flood events which 
occurred on the Trinity River after Lake Livingston had filled. Details of 
this hydrograph can be found in the Trinity River delta inundation study (52). 
Six flood peaks, ranging in magnitude from 10,000 ft3/sec ,(283 m3/sec) to 
35,000 ft3/sec (991 m3/sec) in increments of 5,000 ft3/sec (142 
m3/sec), were selected to fulfill the freshwater infl= requirements of the 
model. In addition, two independent tide reoords from the Morgan's Point tide 
'gage were selected which oorrespond to the low and high tide ronditions. F..ach 
of the six flood cases were simulated with both a high and low driving tide in 
an effort to differentiate those areas which would be inundated as a result of 
high fl=s, and those areas which would be inundated as a result of the inter­
action of high freshwater inflows and high tidal amplitude. 

, 
Driven by low tide oonditions the mcdel sh=s that no inundation will 

.occur within the study area ,during floods of less than 20
3

000 ft3/sec (566 
m3~sec). . From flood peaks of 20,000 ft3/sec (566 ~ /sec) to 30,000 
ft /sec (850 m3/sec) the percent of study area inundation will increase 
from 5 to 22 percent, and Trinity River floods with peak discharges in excess 
of 30,000 ft3/sec (850 m3/sec) will sharply increase the percentage ·of' 
study area inundated (Figure 5-46). A 35,000 ft3/sec (991 m3/sec) flood 
will inundate,79 percent of the marsh study area during low tide oonditions. 

High tide oonditions, on the other hand, will cause some inundation with­
in the stUdy area for all six of the flood peaks simulated (Figure 5-46). The 
model predicts that increases in flood peaks from 10,000 ft3/sec (283 
m3/sec) to 20,000 ft3/sec (566 m3/sec) will mcderately increase the 
amount of the study area that will be inundated. Between floods peaks of 
20,000 ft3/sec (566 m3/sec) and 25,000 ft3/sec (708 m3/sec), however, 
the area inundated increases dramatically from 44 to 91 percent, re~ectivelY. 
The two remaining flood peaks simulated, 30,000 ft3/sec (850 m /sec) and 
35,000 ft3/sec (991 m3/sec) will completely inundate the study area. 

with.low tidal conditions at Morgan's point, the mcdel predictions indi­
cate that a flood peak in excess of 30,000 ft3/sec (850 m3/sec) will be 
required to achieve a high percentage of inundation of the study area. When 
tides are higher than normal,; h=ever, the study area will be inundated by 
floods of lesser magnitude. 'A flood peak of 25,000 ft3/sec (708 m3/sec) 
would appear to be the most iudicious use of water for inundation PJrposes 
when the Morgan's Point tide stage is above normal. 

As a result of these studies, curves were developed relating the per­
centage of marsh area inundated to a function of flow, for both low and high 
tides. These re~ults are prese~ted in F~gure. 5-46 and Tahle 5-3. 
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Table 5-3. Trinity Delta Inundation Study 

--peai(-:.----:---Frciir--,----Plood ---:--- Total --,--------. ---rnundaHon1r-· ---. -.-
Discharge . Duration Volume Discharge Percent ____ : _________ Acres -

---G:)w High: lDw High 

10,000 9 87,572 44,150 0 11 0 940 

15,000 16 184,961 93,250 0 . 13 0 1,097 

20,000 19 371,906 187,500 5 44 405 3,629 

25,000 21 567,281 286,000 20 91 1,639 7,585 

'f 30,000 21 758,689 382,500 22 100 1,864 8,328 

'" ...., 
35,000 21 976,874 492,500 79 100 6,589 8,328 

'!I Inundation of 0.5 feet -for' 48 consecutive hours 



Freshwater Inflow/Salinity Regression Analysis 

Changes in estuarine salinity patterns are a function of several 
variables, including the magnitude of freshwater inflow, 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 volumes 
of antecedent inflow and the tidal mixing are the nDst important factors af­
fecting salinity. Salinities immediately inside the Gulf passes vary markedly 
with flood and ebb tide; the ir}fluence of tidal mixing attenuates with dis­
tance traveled inside the estuary fran the Gulf pass. 

The dominance of the effe~t 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 propor­
tion to the magnitude of freshwater inflow except during conditions of extreme 
drought. Regression analyses of measured salinities versus freshwater inflow 
are carried out to verify and quantify suCh a relationship. 

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

or 

n 
( l: 
i=l 

-b 
Qt .) -1 

a 1 n a2 
St = aO (Qt-k) (i;l Qt-i) 

[ 1] 

[ 2] 

where St is the average salinity of - the t-th day; Qt-k or Qt-i 
is gaged streamflow k or i days antecedent to the t-th day; b is a IXlsitive 
number between zero and one; - n is an integer; and an, a1 and 

n 
a2 are regression coefficients. The term L: Q in Equations [1] and [2] 

i=l t-i 
represents the antecedent inflow conditions, while Qt-k- represents the 
present inflow condition taking into consideration streamflow time lag between 
the gage and the estuary. The regression coefficients were determined using a 
step-wise multiple regression procedure (16). 

The regression equations developed for Trinity Bay used salinities 
obtained by the Texas Department of Water Resources (IDWR) at statewide 
monitoring net\o,Qrk station No. 2422.03 (Figure 4-6) and gaged streamflows 
recorded for the Trinity River near Romayor (Table 5-4). The daily average 
salinity is related to the daily gaged streamflow by -

where St and 
respectively. 
variation (r2) 
nificant ( C1 = 

29 
St = -1.62 + 2528.5 ( l: Q .)-0.5 

t-1 
i=l 

[3] 

Qt-i are salinity and streamflow in ppt and ft3/sec, 
With a correlation coefficient (r) of 0.88 and an explained 
of 0.77 percent, the regression is tested to be highly sig­
.01) • 
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Table, 5-4'. Description of Data for, Regression Analysis, Trinity~San Jacinto' Estuary 

Bay 

Salinity Inflow 
.. . .. 
• < • • --_._._----------------------_ ... _---------------------------~ .. . . . .. . . . . --

Station's! Period' 
of Record: 

USGS 
Station 

Period 
of'Record: 

: :. : : :: 

No. ofe 
Observations 

for Regression 

---------------_._-----------_._------_. __ .... _-_._------"<"'--------------:--------------. ---

Trinity TDWR Monitoring 
Station 2422. 03~ 

Galveston 'IDWR Monitoring 
Station, 1005.01 

May 1969, 
to 

Sep., 1977 

May' 1969' 
to' 

Dec., 19'77' 

Trinity River 
near' Ri:mayor 

Derived San 
Jacinto Basin' 
inflow 

Jan'., 1925' 
to 

Sep:. 1977 

Jan; 1941' 
to, 

Dec., 1976 

33 

82' 



Monthly salinity-inflow relationships were derived using equation [3] to 
generate daily salinities for the period of streamflow reoord, 1925 through 
1976. The oomputed daily salinity values were averaged monthly over the study 
period, and the averages were :related to the monthly ,average flows by the 
geometric equation 

[4) 

where Sm and Om are monthly average salinity and gaged flow in ppt and 
ft3/sec, respectively, Co and Cl are regression coefficients, and 
( tse ) is a random component ( 66 ) • The frequency analyses for Tr ini ty-San 
Jacinto estuary indicate that both monthly salinity data and monthly gaged 
streamflows are approximately log-normal distributed. Therefore, the random 
component has a normal distribution and can be expressed by tSe (66), ...nere 
t is a standard normal deviate with zero mean and unit variance, and Be is 
the standard error of estimate of In (Sm) on In (Om). Resulting oorrela­
tion coefficients of equation [4) for Trinity Bay (Table 5) for the twelve 
months (r) ranged from 0.82 to 0.92, which are highly Significant (a = .01). 

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

'S - 656 8 Q -0.576 
y- ~ • y 

i 

where ~ and Qy are mean monthly average salinity, 
and ft (sec, respectively.' The equation and the 
limits of Sv versus Qy are plotted in Figure 5-47. 
of equation 15] are listed in Table 5-5. 

[5) 

and gaged flow in ppt 
95 percent confidence 

The other statistics 

The analysis for Galveston Bay, used the salinities obtained by the 
Texas Department of Water Resources (TOOR) at statewide monitoring network 
station No. 1005.01 (Morgan's Point) and the derived San Jacinto River Basin 
monthly inflow as described in Chapter IV, (Hydrology). The monthly inflows 
to daily flow by were uniformly divided into daily flows. Daily salinity is 
related to daily flow by 

s = 
t 

0.61 + 3404.7 
29 

(L Q .)-0.5 
i=O t-1 

[ 6) 

The oorrelation is highly significant with a oorrelation coefficient (r) of 
0.72. 

Using equation [6) to generate mean daily salinity for the period of 
streamflow record, 1941 through 1976, the relationships between canPlted 
monthly mean salinities and monthly mean streamflows were determined as shown 
in Table 5-6. The average oondition of the relationships can be fitted to the 
equation 

s = 217.4 Q -0;355 
y y 

[7] 
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Table 5-5. Results of Salinity Regression Analysis, Trinity Bay 

Regression Equation Correlation Explaine:.'l Stan:jard Error 
Station Class (S in I;Pt and Q in ft3/sec) Coefficient Variation of Estimate F-test 

r r' Be 

IDilR 29 -0.5 
2422.03 Daily St 1.62 + 2528.5 ( " Qt-i) 0.88 0.77 3.11 ** 

i=l 

-0.590 
Jan. S 775.1 Q 350 ~ Q ~ 30,000 0.91 0.83 0.309 ** 

-0.622 
Feb. S 987.7 Q 450 ~ Q ~ 37,700 0.87 0.76 0.343 ** 

-0.582 
Mar. S 663.5 Q 530 ~ Q ~ 42,100 0.90 0.81 0.315 ** 

-0.627 
Apr. S 1037.9 Q 420 ~ Q~ 65,700 0.84 0.71 0.398 ** 

'f -0.589 ...., May S 746.9 Q 1 ,280 ~ Q ~ 62,000 0.82 0.68 0.410 ** 
IV 

-0.673 
Jun. S 1175.5 Q 460 ~ Q ~ 45,100 0.87 0.76 0.422 ** 

-0.616 
Jul. S 677.2 Q 230 ~ Q ~ 28 ,500 0.94 0.89 0.241 ** 

-0.587 
Aug. S 626.5 Q 200 ~ Q ~ 10,100 0.94 0.88 0.197 ** 

-0.440 
Sep. S 290.3 Q 210 ~ Q ~ 14,900 0.92 0.85 0.290 ** 

-0.393 
Oct. S 204.9 Q 180 ~ Q ~ 14,900 0.82 0.67 0.343 ** 

-0.514 
Nov. S 483.6 Q 270 ~ Q ~ 30,800 0.83 0.69 0.406 ** 

-0.555 
Dec. S 674.7 Q 350 ~ Q ~ 43,200 0.88 0.77 0.353 ** 

-0.576 
All S = 656.8 Q 0.89 0.80 0.382 ** 

** Indicates a statistical significance level of a 0.01 (highly Significant) 



where By and Ov are ~an monthly 
respectively. TIle equation and the 
versus Qy are plotted in Figure 5-48. 
are listed in Table 5-6. 

average salinity and gaged flow, 
95 percent confidence limits of Sv 
The other statistics of equation [71 

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 impact on salinity patterns in the 
estuary. Only the most promising inflow regimes then remain to be analyzed in 
detail using the estuarine t~dal 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. 

Surmnary 

The movements of water in the shallow estqaries and embayments along the 
Texas Gulf Coast aregov:erned by a llUIli:>er of factors, including freshwater 
-inflows, prevailing winds, !IDd tidal currents. An irlequate understanding of 
mixing and physical exchange in these estuartl1e "fCIters is f4l1damel1ta:j. to the 
assessment of physical, chemical, and biologic!,!l processes governing these 
important aquatic systems. 

To fully evaluate the tiqal hydrodynamic and S<llinity traqsport char­
acteristics 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, [1On-stratified estuaries. The basic con­
cept utilized to represent each estuary is the segmentation of the physical 
system into a grid of discrete elements. The modelS utilize numerical analy­
sis techniques to simulate the teniporal and· spatial behavior of circulation 
and salinity patterns in an estuary. 

To properly evaluate the transport of water and nutrients through a 
deltaic marsh, it is necessary to describe ~d canpute estimates of the can­
plex tidal and freshwater inflow interactions. A mathematical model based 
upon the physical laws of conservation of· mass and momentum-has'been developed 
to simulate the passage of water and nutrients through· the Trinity deltaic 
system. The computations are based upon use of a finite difference approxima­
tion to the equations which describe the governing physical relationships. 

i 
The marsh inundation model is applied to the Tinity River delta. The 

delta system is represented as a series of interconnected shallow channels 
which are subject to varying levels of inundation, depending upon the tidal 
and riverine flow rates. The representation of the Trinity River delta 
includes the non-tidally influenced flood plain of the Trinity River from the 
stream gages near Lost Lake and Lake Charlotte to the Wallisville levee. The 
San Jacinto River delta is much smaller in areal extent than the Trinity 
delta, and was not considered of sufficient significance to warrant extensive 
analysis of its inundation characteristics. 
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Table 5-6. Results of Salinity Regression Analysis, Galveston Bay 

Regression Equation Correlation Explained Standard Error 
Station Class (5 in wt and Q in ft3/sec) Coefficient Variation of Estimate F-test 

r r' se 

'll:MR 29 -0.5 
1005.01 Daily St = 0.61 + 3403.7 ( , Qt-i) 0.72. 0.52 5.76 ** 

i=O 

-0.413 
Jan. 5 355.3 Q 300 .s. Q .s. 13,560 0.96 0.92 0.140 ** 

-0.323 
Feb. S 163.5 Q 150 ~ Q 5- 13,700 0.84 0.71 0.265 ** 

-0.318 
Mar~ 5 152.7 Q 150 .s. Q .s. 9,630 0.73 0.54 0.296 ** 

-0.352 
Apr. 5 221.8 Q 500 .s. Q .s. 15,500 0.87 0.75 0.209 ** 

-0.364 

'f May 5 228.2 Q 400 .s. Q .s. 15,100 0.88 0.78 0.208 ** 
...., 

-0.313 V1 
Jun. S 141.6 Q 240 .s. Q .s. 16,970 0.82 0.68 . 0.264 ** 

-0.453 
Jul. 5 454.9 Q 440 .s. Q .s. 9,430 0.85 0.73 0.229 ** 

-0.359 
Aug. S 215.5 Q 340 .s. Q .s. 11,840 0.82 0.67 0.188 ** 

-0.330 
Sep. S 195.0 Q 420 .s. Q .s. 12,890 0.89 0.79 0.154 ** 

-0.337 
Oct. 5 181. 1 Q 200 .s. Q .s. 21,060 0.90 0.81 0.205 ** 

-0.360 
Nov. S 240.8 Q 250 .s. Q i 29',040 0.85 0.72 0.284 ** 

-0.417 
Dec. S 378.7 Q 350iQ"i 9,640 0.87 0.76 0.247 ** 

-0.355 
All S 217.4 Q 0.89 0.80 0.382 ** 



The correct model coefficients for calibration of the hydrodynamic model, 
reflecting the delta's hydraulic characteristic, were determined by simulating' 
the flow conditions and water inudation depths in the delta, cunparing them 
with actual field data, and adjusting the coefficients until adequate 
agreement between observed and simulated conditions was achieved. 

The numerical tidal hydrodynamic and salinity mass transport models were 
applied to the Trinity-San Jacinto estuary, with the model representation of 
the system including Galveston Bay, Trinity Bay, East Bay, West Bay, and 
numerous smaller bays, San Luis Pass and Bolivar Roads. The hydrodynamic and 
mass transport models were calibrated and verified for the estuary. 

The extent of marsh inundation in the Trinity River delta was 
investigated utilizing the verified inundation model for this system. The 
surface area of the Trinity delta flooded was determined for four typical 
flood hydrographs, v.bich occurred ,on the Trinity River after the filling of 
Lake Livingston, under high and low tidal amplitudes. 

Statistical analyses were undertaken to quantify the relationship between 
freshwater inflows from the Trinity and San Jacinto Rivers and salinities from 
Trinity and Galveston Bays. Utilizing gaged daily river flows and observed 
salinities, a set of lIOnthly predictive salinity equations were derived 
utilizing regression analyses for the indicated areas of the estuary. These 
equations predicted the mean lIOnthly salinity as a function of the mean 
monthly freshwater inflow rate. 
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OlAPTERVI 

NUTRIENT PROCESSES 

Introduction 

Biological productivity is keyed to a variety of JXIysical and chemical 
processes. These include favorable conditions of temperature, salinity, and 
pH, as well as a sufficient energy source (e.g., sunlight. and tides) to drive 
the biological processes. In addition, readily available supplies of 
inorganic materials are essential, the IlDSt obvious being carbon, nitrogen, 
and JXIosphorus (CNP). No less important, but required in ffi1aller arrounts are 
silicon, sodium, potassium, manganese, chlorine, and sulfate ions. Other 
essential elements are required in trace arrounts. 

In the majority of aquatic ecosystems, these elements are available in 
quantities necessary to support biological production. A deficiency of any 
one, however, may be sufficient to limit biological productivity. In IlDSt 
cases, nutrients required in the largest arrounts are quickly depleted from the 
surrounding medium. Their concentrations can consequently be considered arrong 
the IlDSt important factors relating to biological productivity. The ratios of 
the three IlDSt important elements -- carbon, nitrogen, and J:hosphorus -- to 
lesser ones are such that a deficiency of anyone of the three will act as a 
limiting factor regulating the level of productivity in the system. 

CNP (carbon to nitrogen to JXIosphorus) ratios vary from organism to 
organism. Carbon is normally required in the greatest quantity followed by 
nitrogen and JXIosphorus. Generally, oceanic species have a reported value of 
106:16:1 (142). Nitrogen to JXIosphorus ratios for a variety of JXIytoplankton 
species are usually in the range of 10-12:1 (142). Nitrogen and J:hosJXIorus 
are considered to be the "critical" nutrients in aquatic ecosystems since 
carbon is rarely, if ever, limiting. due to the readily available supply of 
atIlDspheric CO2 and the ability of autotrophic organisms to use this form. 

The arrount of nitrogen required in an aquatic ecosystem is generally 
greater than JXIosphorus; biological productivity is therefore IlDst likely to 
be nitrogen-limited. This has been reported to be the case in a number of 
estuaries (530, 532, 159, 220, 225, 133), including those in Texas (368, 
369) • 

Nutrients can be brought into the estuary in either particulate or dis­
solved forms. Both forms may be O)JTlpDsed of organic and inorganic components. 
Particulate nutrients may exist in the form of detritus from decaying vegeta­
tion, sewage and industrial waste effluents, or nutrients adsorbed onto silt, 
clay, and various mineral particles. In general, some form of mixing is 
necessary to keep particulate materials (especially the larger ones) in 
suspension. 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. 

The three natural sources of nutrients to the estuaries are streams and 
rivers, rain, and seawater. Seawater is not usually considered as a nutrient 
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source; however, there may be a oonsiderable exchange of seawater with bay 
water, depending upon prevailing oonditions, and some nutrients may enter from 
this source. Rainfall probably does not act as a major nutrient source 
either, although soluble ammonia may be available in the atmosphere at times. 
On the Texas ooast, the major source of nutrients is freshwater inflow from 
the rivers and streams that empty into the estuary. Inflows suspend and 
transport nutrients of natural and rnan~ade origin. 

The following sections describe the methodology used to determine the 
nutrient oontribution of the Trinity and San Jacinto Rivers to the Trinity-San 
Jacinto estuary, the importance of deltaic marshes to biological primary pro­
duction, and finally the role deltaic marshes play in trapping, storing, and 
converting inorganic nutrients to plant biomass and the subsequent transport 
of this biomass to the estuarine systems. 

Nutrient wading 

Attempts to determine the arrount of nutrient loading from a riverine 
source to an estuary have been oonducted by Smith and Stewart (229). 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 
and tributaries that empty into Texas bays and estuaries. Nutrient concentra­
tion and water quality data have been oollected systematically for these 
rivers only.since the late 1960's. 

Nutrient contributions to the Trinity-San Jacinto estuary are derived 
primarily from (1) river inflow; (2) local ungaged runoff; and (3) biogeo­
chemical cycling in deltaic and peripheral salt or brackish water marshes. In 
addition, nutrients may be contributed by point source discharges or return 
flows. The adjaCent Gulf of Mexico, by comparison, is nutrient-poor; result­
ing concentration gradients -are such that a net transport of nutrients out of 
the bay/estuary system toward the Gulf normally occurs. Numerous complicating 
factors such as the magnitude of. freshwater inflows, winds, currents, and 
biological activity all contribute to the complexity of processes that may be 
occurring at any time. 

The Trinity River oontributes freshwater and nutrients to the northeast 
arm of the estuary, Trinity Bay, near Wallisville, Texas. White Oak, Caney, 
Peach, Spring, and Cypress Creeks along with the east and west forks of the 
San Jacinto River empty into Lake Houston northeast of the City of Houston. 
Downstream, the San Jacinto River channel is the canrron wateroourse that 
carries freshwater and nutrient contributions from the basin to the estuary. 
Greens, Hunting, Halls, White Oak, Brays, and Sims Bayous drain areas in and 
around Houston and contribute discharge and nutrients to Buffalo Bayou, known 
as the Houston Ship Channel in its downstream reach. 

The mean annual total discharge measured at the closest non-tidally 
influenced gage for the major freshwater inflow sources to the Trinity-San 

.Jacinto estuary is about 6.93 million acre-feet (8,550 million. m3). The 
Trinity River oontributes an average annual inflow of 5.42 million acre-feet 
(78.2 percent of the total) to the estuary. Contributions' from the San 
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Jacinto River and its tributaries to Lake Houston are about 0.88 million 
acre-feet (12.6 percent). Since significant diversions are made from Lake 
Houston to supply the water needs of the City of Houston, the amount of 
freshwater oontributed to the estuary from this oource is much less, usually 
negligible. Mean annual oontributions from Buffalo Bayou upstream from the 
Houston Ship Channel and those streams oontributing to it are 0.47 million 
acre-feet (6.8 percent), including return flows fran the City of Houston. 
There are three additional sources of gaged freshwater inflow to the 
Trinity-San Jacinto estuary: (1) Cedar Bayou, 56 thousand acre-feet/year (0.8 
percent); (2) Clear Creek, 26 thousand acre-feet/year (0.4 percent); and (3) 
Chocolate Bayou, 78 thousand acre-feet/year (1.1 percent). 

U. S. Geological Survey discharge and water quality data aver the period 
of reoord 1970 through 1977 were used to calculate the potential nutrient 
loading contributions from the Trinity River, the San Jacinto River 
tributaries, and the Buffalo Bayou tributaries. The results of analyses of 
nutrient loadings from each freshwater inflow oource should be interpreted as 
estimates based on limited data. The estimated loadings reflect the order of 
magnitude and range that might be expected during periods of similar climatic 
and streamflow oonditions. 

Studies were oonducted in the Trinity River delta to gain insight into 
nutrient oontributions from this brackish intertidal marsh to the Trinity 
estuary. The studies involved seasonal intensive field sampling efforts aver 
a one or tw) day period and laboratory tests using vegetation/sediment oores 
taken from the delta. As is the case with riverine water quality, an analysis 
of the deltaic marsh oontribution is inadequate based upon data oollected aver 
one to tw) years on a seasonal basis. More data are needed, particularly for 
extreme events such as floods, hurricanes, and droughts, in order. to refine 
these analyses. 

Water quality data oollected by the U. S. Geological Survey indicated 
mean monthly organic nitrogen ooncentrations in the Trinity River at Romayor, 
ranged from 0.39 mg/l to 0.79 mg/I. Mean monthly organic nitrogen concentra­
tions in Cedar Bayou, Trinity River, and the West Fork San Jacinto River were 
conSistently within a similar concentration range (Figure 6-1). Mean monthly 
organic nitrogen concentrations in Buffalo Bayou and its tributaries through­
out the City of Houston generally ranged from 1.0 mg/l to slightly ITDre than 
2.0 mg/l. Unusually high mean organic nitrogen values observed in Halls Bayou 
during October and August may not have been representative of the true mean. 
(The October mean is based on only tw) data points. The August mean includes 
an unusually high organic nitrogen value of 16.0 mg/l recorded in 1977; 
excluding this data point, the mean monthly concentration for August is 
calculated to be 1.02 mg/l, in line with those values observed for other 
nearby wateroourses in the City of Houston drainage.) No obvious seasonal 
patterns of organic nitrogen concentration variation are apparent fran the 
data. 

The majority of the mean monthly inorganic nitrogen concentrations in the 
Trinity River, the West Fork San Jacinto River, Cedar Bayou, and Chooolate 
Bayou were less than 1.0 mg/l. The one exception was a value of 1.47 mg/l for 
May in Chocolate Bayou (Figure 6-2). This appears to be the peak of a spring­
time rise in inorganic nitrogen concentrations for this watercourse. with the 
exception of Greens Bayou, mean monthly inorganic nitrogen concentrations in 
watercourses that empty into the Houston Ship Channel ranged between 2 mg/l to 
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Figure 6-1. Mean Monthly Organic Nitrogen Concentrations in Streams 
Contributing to the Trinity-San Jacinto Estuary. 1970-1977 
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Figure 6-2_ Mean Monthly Inorganic Nitrogen Concentrations in Streams 
Contributing to the Trinity-San Jacinto Estuary, 1970-1977 
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slightly higher than 8 mg/l. Concentrations in Greens Bayou were generally 
1.0 mg/l or less. With the exception of Chocolate Bayou, there are no 
apparent seasonal trends for inorganic nitrogen concentrations in these 
watercourses. 

Mean IlPnthly total phosphorus concentrations less than 1.0 mg/l occurred 
in the Trinity River, Cedar Bayou, the West FOrk San Jacinto River and ChoCo­
late Bayou (Figure 6-3). Mean IlPnthly total phosphorus concentrations in the 
other watercourses ranged fran 1.0 mg/l to 5.0 mg/l. Halls Bayou, however, is 
an exception as several concentration values exceeded 5.0 mg/l. Halls Bayou 
is also the only watercourse where a seasonal trend may be evident, with the 
highest concentrations occurring in the fall and the lowest occurring in 
winter. 

Mean IlPnthly total organic carbon (TOe) concentrations ranged fran 6.0 
mg/l to 27 mg/l (Figure 6-4). Concentrations in the Trinity River and West 
Fork San Jacinto River were as a rule lower than those in the other water­
courses. The distinction is less obvious for TOe than it is for the nitrogen 
and phosphorus parameters. There are no apparent seasonal trends for TOe in 
any of these watercourses. 

The potential ranges for nutrient contributions fran each stream in­
fluent to the Trinity-San Jacinto estuary are presented in Tables 6-1 through 
6-4. Nutrient contributions (in kilograms per day) were calculated using the 
maximum and minimum concentration observed for each of the twelve IlPnths over 
the period of record (1970 through 1977) and the llEan IlPnthly discharges for 
each stream. Nutrient concentration data were not readily available for 
several of the tributary streams to the San Jacinto River above Lake Houston, 
nor were suitable data available for the reach of the San Jacinto River below 
Lake Houston. USGS water quality data have been recorded only for the West 
Fork San Jacinto River. Texas Department of Water Resources statewide water 
quality IlPnitoring net\>Qrk data were available for the East Fork San Jacinto 
River. Carbon, nitrogen and phosphorus (CNP) concentrations in the East Fork 
were within the concentration range of reported observations fran the West 
Fork in the U. S. Geological Survey records. The range of CNP values reported 
in the USGS data for the West Fork San Jacinto River were assUl1Ed to be 
representative of the concentrations expected in the East Fork San Jacinto 
River, Spring Creek, Cypress Creek, Caney Creek, and Peach Creek where dis­
charge measurements but not water quality data were available. The mean 
monthly discharges of these six tributaries to Lake Houston were sUll'llled for 
each of the twelve IlPnths to arrive at a total IlPnthly inflow. The CNP ranges 
reported by the USGS for the West Fork San Jacinto River were applied to these 
monthly totals to determine potential nutrient loading into Lake Houston. 
These values are presented in Tables 6-1 through 6-4 under the heading: San 
Jacinto River/Lake Houston. At present the percentage of these values passed 
through Lake Houston to the estuary is unknown. The data are presented for 
cc:rnparison of the potential nutrient contribution of the San Jacinto River 
system with the other streams that contribute to the estuarine system. 

The Trinity River, which contributes 78 percent of the gaged freshwater 
inflow to the estuary, is also responsible for contribution of the bulk of the 
nutrient loading, thus dellPnstrating the importance of freshwater discharge in 
the transport of nutrients to the estuarine system. The watercourses that 
drain the City of Houston empty into the Houston Ship Channel, and 
subsequently contribute inflow to Upper Galveston Bay. This inflow 
constitutes only 6.9 percent of the gaged flow to the estuary, yet CNP concen-
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Table 6-1. Range of Expected Inorganic Nitrogen Loading to Trinity-San Jacinto Estuary Based on Mean Monthly Gaged Discharges 

Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec. . . . . 
kllograms per day 

Trinity high 11 ,454 21,939 1,687 16,113 27,210 10,819 1,501 972 1 ,389 2,510 5,418 17,230 
River low 2,813 3,011 337 537 4,535 1,056 0 40 58 179 1,761 562 

Cedar high 87 72 80 443 385 323 20 22 207 57 81 355 
Bayou low 37 7 12 30 74 65' 6 5 28 40 23 23 

San .Jacinto high 1,277 1,970 650 2,454 1,061 2,180 1,079 502 419 557 1,238 762 
River/Lake low 681 229 217 94 367 67 131 0 183 144 232 166 
Houston 

Buffalo high 2,058 2,362 3,425 5,336 2,766 2,741 1,580 1,789 1,004 2,697 5,573 5,479 
Bayou low 799 528 565 192 1,241 365 479 309 330 470 605 448 

White Oak high 1,243 1,159 607 975 1,902 2,322 886 420 1,061 804 1,789 877 
Bayou low 200 500 341 325 293 179 148 291 128 106 153 68 

;:i Brays high 2,382 2,943 1,315 1,856 3,385 2,203 1 ,914 957 2,164 1,558 3,438 2,313 
I Bayou low 568 1,242 370 715 450 186 294 451 483 133 381 138 '" 

Sinms high 1,531 2,987 1,029 1,136 3,244 4,447 1,079 988 1,727 1,578 2,073 2,048 
Bayou low 222 519 289 320 312 72 105 209 85 74 147 184 

Hunting high 307 613 297 264 504 522 327 497 711 291 431 297 
Bayou low 18 110 52 81 81 74 76 62 103 85 81 82 

Greens high 687 504 228 389 ,590 578 326 191 617 403 353 662 
Bayou low 181 106 33 84 120 23 39 65 97 147 187 73 

Halls high 254 796 263 679 677 680 1,070 433 794 572 447 701 
Bayou low 102 247 14 147 105 20 277 4 114 241 180 190 

Chocolate high 75 62 77 495 637 383 55 79 100 79 15 78 
Bayou low 17 5 1 27 92 90 14 5 20 7 8 13 



Table 6-2. Range of Expected Organic Nitrogen Loading to Trinity-San Jacinto Estuary Based on Mean Monthly Gaged Discharges 

Jan. Feb. Mar. Apr. May : Jun. :' Jul. Aug. Sep. Oct. Nov. Dec. 

kllograms per day 

Trinity high 13,263 15,701 2,474 21,484 41,226 26,389 10 ,504 3,604 4,687 7,710 13 ,546 16,106 
River low 5,426 2,366 450 5,908 24,323 5,278 6,860 2,592 4,456 717 8,367 0 

Cedar high 240 159 64 396 412 945 112 171 349 127 253 283 
Bayou low 58 29 26 84 70 .176 29 14 87 70 44 82 

San Jacinto high 3,234 3,528 1,570 4,058 6,531 3,052 992 ·800 1.,256 1,078 2,747 3,116 
River/Lake low 1,745 870 541 849 2,041 671 316 58 850 233 2,399 0 
Houston 

Buffalo high 2,216 1,736 4,110 1 ,103 2,151 1,827 764 762 1,465 878 1,242 1,389 
Bayou low 119 8 34 197 323 208 127 99 161 201 240 108 

White Oak high 499 884 549 834 654 949 1 ,165 336 335 435' 831 305 

;S 
Bayou low 48 189 38 58 70 58 36 44 56 38 44 20 

I Brays high 1,076 582 547 912 866 1,291 684 554 385 354 880 845 
0 Bayou low 30 162 72 82 123 118 89 306 89 73 91 51 

Simms high 1,229 623 701 609 504 533 831 659 296 279 844 447 
Bayou low 34 60 38 61 98 220 47 0 47 49 38 32 

Hunting high 113 150 62 126 228 121 69 191 65 119 55 147 
Bayou low 9 5 7 17 23 24 8 14 16 17 6 9 

Greens high 306 313 192 593 348 173 147 153 796 129 140 185 
Bayou low 22 38 18 52 77 42 32 15 25 118 20 70 

Halls high 384 141 57 205 266 331 229 110 212 268 227 115 
Bayou low 11 17 8 27 18 18 0 10 21 103 15 30 

Chocolate high 302 322 102 337 1,051 1,040 269 306 533 182 135 129 
Bayou low 43 53 8 91 115 175 81 79 137 70 38 23 



Table 6-3. Range of Expected Total Phosphorus Loading to Trinity-San Jacinto Estuary Based on Mean i1::>nthly Gaged Discharges 

Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec. 

kllograms per day 

Trinity high 3,215 12,905 495 6,445 8,245 4,486 3,430 972 1 ,331 1,793 5,689 4,120 
River low 1,407 860 225 2,417 4,535 2,639 1,286 324 810 717 1,626 936 

Cedar high 60 25 34 171 158 68 23 182 111 40 71 72 
Bayou low 34 17 16 15 12 55 6 6 39 13 37 33 

San Jacinto high 553 550 839 849 857 2,046 600 451 432 629 658 829 
River/Lake low 298 137 81 0 286 101 153 44 65 107 232 99 
Houston 

Buffalo high 1,583 1,962 2,512 2,148 1,564 2,076 1,019 1 ,211 571 1,631 3,064 4,013 
Bayou low 483 400 320 366 518 349 331 202 410 445 497 478 

White Oak high 760 791 679 399 857 2,048 821 456 838 644 701 785 
Bayou low 183 205 246 272 50 129 25 144 106 118 135 68 

;S 
I Brays high 1,285 1,488 887 1,417 2,466 1,519 1,139 1,166 1,393 843 1,499 2,395 
~ Bayou low 173 679 321 528 333 106 180 268 199 218 212 169 

Simms high 819 1,480 739 905 1,225 941 1,052 628 1,044 726 764 1,285 
Bayou low 149 312 280 244 130 110 47 48 83 80 76 242 

Hunting high 124 132 100 116 441 283 82 134 176 135 125 103 
Bayou low 27 57 25 37 125 40 29 51 44 51 31 42 

Greens high 573 522 225 390 600 535 383 280 343 412 280 516 
Bayou low 57 137 27 139 70 26 44 64 85 176 66 93 

Halls high 261 882 159 542 840 735 500 588 794 617 392 548 
Bayou low 58 176 19 35 ·69 .28 235 59 79 350 147 76 

Chocolate high 41 32 20 44 76 71 35 38 70 65 34 43 
Bayou low 17 7 4 17 19 33 9 10 30 12 8 18 



Table 6-4. Range of Expected Total Organic Carbon Loading to the Trinity-San Jacinto Estuary Based On Mean Monthly Gaged Dis-
charges 

Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. New. Dec. 

kilograms per day 

Trinity high 221,044 172,068 22,491 375,962 453,488 263,890 87,894 64,798 63,656 80,681 176,099 224,734 
River low 118,500 86,034 17 ,093 53,709 272,093 163,611 50,378 31,994 28,935 46,616 59,603 86,148 

Cedar high 6,029 1,301 2,842 5,444 8,232 3,259 1,024 1,529 4,361 3,026 2,994 4,373 
Bayou low 1,232 1,055 510 1,089 1,873 1,857 829 282 1,396 3,026 230 2,315 

San Jacinto high 36,599 41,234 32,487 61,343 53,062 36,895 10,030 13,098· 15,700 32,325 46,423 36,463 
River/Lake low 26,811 10 ,079 27,073 15,100 22,858 17,776 4,143 2,620 6,803 16,522 20,116 13,259 
Houston 

Buffalo high 26,906 26,411 13,700 15,097 25,416 14,950 7,644 6,277 153,836 13,171 18,218 13,120 
Bayou low 9,496 9,810 6,279 4,065 8,602 5,897 3,720 3,676 9,303 5,519 7,287 5,865 

;:i 
White Oak high 7,367 5,121 2,313 5,439 4,057 5,821 3,119 1,321 6,517 4,175 10,907 7,414 
Bayou low 2,852 466 1,214 1,632 2,705 2,587 1,642 1,080 1,676 1,461 3,116 1,701 

I 

'" Brays high 5,380 6,468 2,641 5,522 11,329 5,317 6,608 1,643 6,225 5,983 5,865 4,508 
Bayou low 1,734 1,455 1,339 1,921 4,665 2,620 2,506 726 3,172 1,686 1,043 2,141 

Sirruns high 5,772 9,609 2,930 3,827 5,762 4,390 4,025 1,955 3,479 4,469 6,052 3,724 
Bayou low 1,303 3,376 1,249 2,105 2,641 2,383 1,428 484 1,600 1,815 1,242 2,048 

Hunting high 1,563 573 1,874 1 ,117 1,176 1,617 995 860 1,529 970 666 402 
Bayou low 205 265 187 349 698 590 216 207 1,000 970 274 402 

Greens high 3,695 4,140 1,666 3,758 3,097 2,602 2,029 1,975 2,470 1,764 3,312 2,249 
Bayou low 981 1,409 625 289 1,819 882 518 440 1,386 306 612 741 

Halls high 2,195 1 ,411 1,985 1,852 2,230 1,176 1,529 1,176 2,381 1,029 2,266 1,274 
Bayou low 604 176 441 662 695 492 412 278 390 82 355 701 

Chocolate high 6,039 5,527 2,830 5,478 7,963 4,398 2,602 2,166 4,665 2,793 3,161 4,290 
Bayou low 1,466 691 512 1,117 3,822 2,837 2,255 790 2,266 1,653 969 1,565 



trations are high enough that total nutrient loadings from this source out­
weigh those from the Trinity River inflows. Fran this discovery it oould be 
expected that Upper Galveston Bay and Trinity Bay WJuld experience higher 
nutrient ooncentrations than other fX)rtions of the estuary, a, result that is' 
generally borne out by the ,water quality data. 

Marsh Vegetative Production 

An estuarine marsh is a complex living systan I.I.hich 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 
eoonomically llnportant estuarine-dependent fisheries species, (3) maintenance 
of water quality by filtering upland runoff and tidal waters, and (4) shore­
line stabilization and other buffer functions. 

Perhaps the IlOst striking dlaracteristics of a marsh is the large arrount 
of photosynthesis (primary production) within the systan by the total plant 
community (i.e., macrophytes, periphytes, and benthic algae); thus, estuarine 
marshesare recognized as arrong the WJrld's IlOSt productive areas (187, 188). 
Marshes of the Atlantic and Gulf roasts are no exception since the inhabiting 
rooted vascular plants have adapted advantageously to the estuarine 
environment and are known to exhibit high biomass production (343, 537, 39, 
211, 345, 338, 428, 10). As a result, the marshes are large-scale 
contributors to estuarine productivity, providing a' major source of 
particulate (i.e., detrital) substrate and nutrients to the microbial 
transformation processes at the base of the food-web I.I.hich enrich the protein 
levels and food, value for oonsuming organisms (43, 44, 240, 190, 546, 164, 
163, 40, 201, 46, 140, 234, 106, 105, 112). Recent research has dellOnstrated 
a oorrelation between the area of intertidal salt marsh vegetation and the 
COIlIIIercial harvests of penaeid shrimp (424). For Texas estuaries, the 
statistical relationship indiCates at least 30 fX)unds of shrimp harvested 
(heads-off weight) per acre of intertidal marsh (33.6 kg/ha). 

Marsh areas may be of greater ecological value if sectioned into snall 
tracts by the drainage dlannels of transecting bayous and creeks (78). The 
rationale for this suggestion is found in "edge-effect" benefits; that is, a 
higher edge length to marsh area ratio provides mbre interface, and a greater 
opportunity for exchange of nutrients and organisms across the boundary 
between open aquatic and marsh habitats. Deltaic marshes at the headwaters of 
an estuary generally exhibit a dendritic pattern of drainage dlannels and are 
especially llnportant because they form a vital link between an inflowing river 
and its resulting estuary. Here, the direct effects of freshwater inflow/ 
salinity fluctuations are primarily physiological, affecting both seed ger­
mination and plant growth, and are ultimately reflected in the oompetitive 
balance among plant species and the presence of vegetative "zones" in the 
marsh (332, 203, 198, 185, 103, 228). 

The Trinity-San Jacinto estuary receives its major input from the Trinity 
River and the marshes of the Trinity delta. Adams (60) has delineated nine 
vegetation wnes which represent the major distinguishable vegetative a:ro­
munities in the delta. The above ground net primary production of the rooted 
vascular plants (macrophytes) is estimated at 96.6 million dry weight fX)unds 
per year (43,824 metric tons/year) over the 13,379 acre (5,414 ha) study area. 

VI-13 



Annual net production (ANP) varies from a low of 1,918 dry ~ight ]Xlunds per 
acre (215 g/m2) in sampled stands of arrowhead (Sag~ttari~'t!ami..n~) to a 
high of 26,623 dry ~ight pounds per acre (2,984 gjiii2) in sampled stands of 
the common reed Phragmites cOllununis. The average ANP over the entire study 
area is estimated to be 7,222 dry ~ight pounds per acre (819.5 g/m2) with 
approximately 51 percent of the total ANP occurring in the lower delta marshes 

. south of Old River Lake and ~st of the Trinity River, 20 percent in the 
middle delta marshes south of IH-10 between Old River Lake. and the Trinity 
River, and 29 percent in the upper delta marshes north of IH-10. The 
predominant macrophytes in the Trinity delta include ~z::.t:.ina @t:.enf!., Aste..E. 
subulatus, .Echil!.ochloa muric~t:.a.:, Al_te~C!!!thera Eb iloxero ides , ~~llI1!. 

.liv~<!um, ~h..r_~~tef!. ~~is, Persicaria ~ctata, and ~agittar}.~ 9!_~!:.n_e~ 
(Table 6-5). 

While the nine vegetation zones delineated by Adams (60) comprise a total 
of 13,379 acres (5,414 ha), they represent only 27 percent of the total 49,879 
acres (20,185 ha) of Trinity deltaic ~tlands. ·The remaining 73 percent 
(36,501 acres or 14,771 ha) includes many unvegetated areas and consists of 
cypress swamps (16,873 acres or 6,828 ha), fresh to brackish lakes (8,550 
acres or 3,460 ha), diked areas (6,341 acres or 2,566 ha), and small com­
ponents of mud flats, dredged material, upland vegetation and surface waters 
such as marsh ponds, bayous, and river areas (4,737 acres or 1,917 ha). 

In addition, Adams (60) measured net periphyton production ranging from a 
low of 1.38 dry ~ight ]Xlunds per acre per day (0.155 g/m2/d) to a high of 
11.54 dry ~ight ]Xlunds per acre per day (1.293 g/m2/d), averaging 4.78 dry 
weight pounds per acre per day (0.536 g/m2/d) overall. Assuming that about 
13,600 acres (5,500 ha) of the delta ~re inundated, the periphyton ANP can be 
estimated at 23.7 million dry ~ight ]Xlunds (10,760 metric tons) or about 
65,000 dry ~ight ]Xlunds per day (29.5 metric tons/d). 

Although the high productivity of these deltaic marsh habitats results in 
significant quantities of detritus for ]Xltential transport to the estuary, 
actual detrital transport is dependent on the episodic nature of the marsh 
inundation and dewatering process. Cooper (29) suggests that the vast 
majority of the primary production in the·higher, irregularly-flooded vegeta­
tive zones goes into peat production and is not exported. The. lower, fre­
quently-flushed vegetative zone characterized by Spart:.in~ alterniflora may 
contribute about 45 percent of its net production to the estuarrne waters 
( 240) . 

SOrey et al. (214) have studied the factors affecting detritus eX]Xlrt 
from estuarine marshes of Chambers County to adjacent bay areas of the 
Trinity-San Jacinto estuary. Measuring carbon export during 24 diurnal 
periods over an annual interval, they estimate carbon export at 4 to 6.5 
percent of net primary production. In addition, they conclude that this level 
of export is within the 0 to 21 percent range reported for other marshes and 
indicates that export is only 45 to 70 percent of the available ANP from the 
marsh vegetation. Major factors affecting export ~re determined to be (1) 
degree of inundation (flooding), (2) vegetation structure, (3) aquatic 
consumpt ion, and (4) hydrolog ical reg ime; however, tidal range did not seem to 
be an important factor of export magnitude in this case. 

In many coastal areas the production and nutritive contribution of 
emergent vascular plants to the estuarine ecosystems is supplemented or even 
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Table 6-5. Scientific and Cammon Names of Important Plant Species Occurring' 
in the Trinity River Delta (60) , 

-------------------..--------
Scientific Name 

-------'--
Acnida tamariscina 
Alternanthera philoxeroides 
Ambrosia trifida 
AImlania co=inea 
Aster subulatus 
Baccharis halimifolia 
Bacopa I1'Onnieri 
Celtis laevigata 
Cyperus articulatus 
~rus odoratus 
Echlnochloa rnuricata v. rnuricata 
Eichornia crassipes 
Gaura filiforrnis 
Gleditsia triacanthos 
Heterotheca pillosa 
Hymenocallis sp. 
Iva annua 
"LePtochloa fascicularis 
Leptochloa uninerva 
Paspalurn lividurn 
Paspalurn vaginaturn 
Persicaria punctata 
PluChea purpurascens 
Phragmites communis 
Rhynchospora corniculata 
saiittaria graminea 
Sa lX nigra " 
Sal?iurn sebiferurn 
SClrpUS americanus v.longispicaturn 
Scirpu~ rnaritimus 
Sesbanla drurnmondii 
Spartina alterniflora 
Spartina patens 
"s~rtina spartinae 
Lenoclea zeylanwa 
~a sp. 
Vlgna luteola 

" " .. 
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ConlJIDn Name 

water hemp 
Alligator weed 
Giant ragweed 
Tooth-cup 
Saltmarsh aster 
Surnpweed 

Sugarberry 
Sedge 
Sedge 
Barnyard grass 
water hyacinth 
Gaura' 
Honey' locust 
Gold aster 
Spider lily 
Marsh-elder 
Sprangletop 
Sprangletop 
IDngtcrn 
Paspalurn 
Water smartweed 
Marsh fleabane 
ConlJIDn reed 
Horned rush 
Arrowhead 
Black Willow 
Tallow tree 
Bu"Irush 
Salt-marsh bulrush 
Rattlebush 
SJrooth cordgrass 
Saltrneadow cordgrass 
Gulf cordgrass 
Chicken spike 
Cat-tail 
Pea-vine 



largely replaced by vast sutrnerged seagrass beds. This is particularly true 
for estuarine areas on the South Texas coast (e.g., Laguna Madre). An 
established seagrass comnunity is highly productive, provides valuable habitat 
(food and cover) to economically important estuarine-dependent fish and 
shellfish, and stabilizes the bottom of the estuary (181, 136, 12). 

The areal extent of seagrasses (i.e., Halodule beaudettei ~ Ruppia 
maritima) in the Trinity-San Jacinto estuary has been estimated by Diener 
(480) at 18,100 acres (7,323 hal. Gloyna and Malina (313) found that primary 
production rates in Galveston Bay grass flats range from 35.6 to 303 pounds 
per acre per day (4 to 34 g/m2/d). There is essentially no sutrnerged vege­
tation in the open waters of the estuary's bays; virtually all occurs in 
shallow peripheral. areas and coves where light to rroderate stands of shoal 
grass (H. beaudettei) and widgeon grass (R. maritima) are found in waters of 
less than five feet (1.5 m) depth (289). -Renfro (278) reported in 1959 that 
there was little sutrnerged vegetation in the estuary, except for a dense stand 
of Ruppia on the relatively firm ~iments of the west side of upper Galveston 
Bay from Seabrook north to Red Bluff where the productive beds extended from 
shore out to an average of about 200 yards (183 m). In addition, Pullen (279) 
notes that the Ruppia beds in upper Galveston and Trinity Bays are extremely 
important habitats for spotted seatrout (Cynoscion nebulosus), and that 
Hurricane Carla (September 8-14, 1961) caused extensTve damage to grass beds 
in the estuary. It is of interest to note that seatrout harvest in 1962 was 
very low, and remained below average in 1963 (see Chapter VIII). 

Marsh ~utrient Cycling 

Deltaic and other brackish and salt marshes are known to be sites of 
biological productivity. Emergent macrophytes and blue-green algal mats serve 
to trap nutrients and sediment as flow velocities decrease. These nutrients 
are incorporated into the plant biomass during growth periods and are sloughed 
off and exported to the bay as detrital material during seasons of plant 
senescence and/or periods of inundation and increased flows into the cpen bay. 
The Trinity River delta is characterized by a diversity of habitats and 
species ranging from the predominantly intertidal brackish marshes south of 
the Wallisville levee to the freshwater cypress bottoms and oxbows that occur 
northward to Liberty, Texas. 

Studies by Armstrong et al. (306, 312), Dawson and Armstrong (311), 
Armstrong and Brown (310), and Armstrong and Gordon (308, 309) have been con­
ducted for the purpose of determining tQe role of plants and deltaic sediments 
in nutrient exchange processes. . In ITDst cases these patterns seem to be 
similar from species to species. Armstrong et al. (312) found the rates of 
nutrient exchange for marsh macrophytic species and associated sediments in 
the Trinity delta were similar in magnitude but somewhat lower than exchange 
rates reported for other Texas coastal marsh systems (Table 6-6). Portions of 
the marsh habitat were sufficiently diverse to allow comparison of O1P ex­
change rates aJTDng the vegetation and sediment cores from the intertidal zone 
and the nearby freshwater-dominat'ed zone containing very different types of 
vegetation (Table 6-7). Both fresh and brackish areas of the marsh exported 
particulate organic material; however, the rates from the predominantly ·fresh­
water/cypress dominated area around Mac Lake were substantially lower than 
those from laboratory reactor samples collected from the -intertidal zone below 
the Wallisville levee. The results from the study also indicate an active 
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Table 6-6. Summary of Nutrient Exchange Rates (312) 

---------_._------------------------.. .. .. .. .. .. .. .. 
: VSS : 

DOC E!: POC!?J: c/: . . 
Nitrogen 

Total : Organic 
P : 
d/ : 

Tide 
Range 

.. .... .. 

Inundation 
Regularity 

------ . . --------------------- (kg/ha/d) ----.------~-=-------=-------

Saltwater Marsh 
Pomeroy et al 
Reimold (210) 

(204) 

Settlemyer and Gardner (225) 
Hall et al (107) 
Odum and de la Cruz (189) 

Brackish Marsh 
Stevenson et al (235) 
Armstrong and Hinson (6) 

Lavaca Bay 
Flood Drainage 
Small Net Exchange 
Normal w/Drying 

Dawson and Armstrong (311) 
NoD!lal Tidal Exchange 
Following Drying 

.Armstrong and Brown (310) 
Sediment Only 

Armstrong and Gordon (309) 
Nueces Bay· (Reactors) 
San Antonio Bay (Reactors) 
Copano Bay (Linear Marsh) 

Armstrong and Gordon (308) 
Colorado River Delta 

(Reactors) 
Armstrong et al (312) 

Trinity River Delta (Reactors) 
Trinity River Delta (Linear 

Marsh) 

a/ DOC - Dissolved Organic Carbon 
E/ POC - Particulate Organic Carbon 
c/ VSS - Volatile Suspended Solids 
31 P - Phosphorus 

-18.4 
-0.23 +1.6 

-2 to 28 

-0.029 

-:12.6 . -1.3 
- 0.94 - 1.5 -0.21 
-27.3 -83.6 -1.2 

- 2.3 -0.39 
- 5.9 -2.1 

-0.74 

- 1.62 - 3.08 -0.08 
- 2.42 - 3.54 -0.02 
- 3.75 - 0.86 -0.06 

- 0.46 - 0.18 0.0 

0.0 - 0.86 0.01 

- 1.36 0.40 -0.05 

-0.1 
-6.3 
-0.18 

-0.025 

-1.2 -0.1 
-0.21 <-0.01 
-1.1 -0.16 

-0.08 
-0.19 

-0.1 

-0.03 
-0.08 

0.00 

0.0 0.00 

0.0 0.02 

-0.02 

large 
. large 
medium 
medium 
large 

medium 

small 
small 
small 

small 
small 

none 

small 
small 

none 

none 

high 
high 
high 
high 
high 

medium 

low 
low 
low 

low 
low 

none 

high 
high 

none 

none 



Table 6-7. Summary of Nutrient Exchange Rates for Plant Types from the Lower Trinity River Delta Marshes Corrected fOr 
Wall Effects (312) 

Mac take wwer Del ta 
LythrLnn Rhynchos[X)ra Rhyncnosp::>ra Spartlna SClrpuS Saglttarla 

Nutrient lanceolatum macrostachya macrostachya patens arnericanus lancifolia 

(kg/ha/d) 

Salinity 1.0 2. 19 -68. 15. 38. 

Total Suspended -0.136 -0.096 -3.854 -7.587 -4.843 -2.274 
Solids ;y' 

Volatile Suspended -0.013 -0.003 -0.641 -1.465 -0.587 -0.754 
Solids 

Biochemical Oxygen 0.000 0.000 -0.008 -0.096 -0.017 -0.019 
Demand (5 day) ;y' 

Total Organic Carbon -0.004 -0.002 0.283 -0.449 0.260 -0.100 

Total Kjeldahl 0.000 0.000 0.007 0.024 0.006 0.012 

;::j Nitrogen ;y' 

I 
Total Kjeldahl 0.000 0.000 0.001 0.002 0.005 0.008 

00 Nitrogen 

Particulate Total 0.000 0.000 0.007 0.007 0.002 0.004 
Kjeldahl Nitrogen 

Organic Nitrogen 0.000 0.000 0.000 0.001 0.005 0.008 

Ammonia-Nitrogen 0.000 0.000 0.016 0.026 0.017 0.018 

Nitrite-Nitrogen 0.000 0.000 0.000 0.001 0.000 0.000 

Nitrate-Nitrogen 0.000 0.000 0.075 0.126 0.078 0.080 

Total Phosphorus;y' 0.000 0.000 0.018 0.036 0.025 0.020 

Total Phosphorus 0.000 0.000 0.018 0.024 0.026 0.018 

Particulate Total 0.000 0.000 0.033 0.061 0.033 0.048 
Phosphorus 

Ortho Phosphorus 0.000 0.000 0.014 0.039 0.026 0.022 

;y' Results for unfiltered samples. 



uptake of nitrogen.and phosphorus. species in the.intertidal marsh ~ne whiie 
there appears to be nO net uptake or release of these nutrients' frali the 
samples collected in the Mac Lake area. There is also evidence that attached 
algae, found in laboratory samples collected fran the lower delta, dJrninate 
the exchange process. 

The results fran the linear marsh model containing a"cross-section of the 
lower delta vegetation and sediment are believed to be more representative of 
actual CNP exchange rates than those calculated fran the" laboratory core 
reactor studies (Table 6-8). These· resul ts also canpare favorably with those' 
reported in the literature for other Texas coastal marshes. 

Hauck and Ward (62) determined that the ten square mile (2,590 hal marsh 
lying to the south of the Wallisville levee is primarily intertidal and large­
ly uninfluenced by Trinity River water elevations. Applying CNP exchange 
rates given in Table 6-8, this portion of the marsh might p:>tentially export 
as much as 11,000 kg/d of total organic carbon ('roC) under the proper canbina­
tion of seasonal conditions and tidal elevation (inundation). Likewise, 
proper conditions could result in the release of 250 kg/d total phosphorus, 
114 kg/d inorganic nitrogen, and 205 kg/d organic nitrogen. Results fran the 
linear marsh model suggest that under certain cbnditions the lower. delta may 
act as a 'roC and nitrogen sink. 

The deltaic marshes are important oources of nutrients for the estuary. 
Periodic inundation events are necessary in order for the Trinity delta 
marshes to deliver their. 'p:>tential nutrient stores to the <:.pen waters of the 
bay. 'Ibis will occur as the water moving across the delta sweeps decayed 
macrophytic and dried algal mat material out of the system. Following "a 
period of emersion, a sudden inundation event CNer the delta marshes will 
result in a short period of high nutrient release fran the established vegeta­
tion and sediments (311). 'Ibis Period may last for one or two days and is 

'followed by a rapid decrease in release rates toward the seasonal equilibrium. 
During periods of high river discharge and/or extremely high tides that im­
mediately follow prolonged dry periods, the contribution of carbon, phos­
phorus, and nitrogen fran the deltaic rrarshes to the estuarine system can be 
expected to increase dramatically. 

wetlands Processes 

The concept of the coastal ~ne as an area of general environmental con­
cern has come about only during the past decade or 00. Landmark legislation 
along these lines includes the Coastal Zone Management .Act of' 1972 which 
errphasizes that ..... it is the national p:>licy to preserve, protect, develop, 
and where possible, to restore or enhance, the resources of the Nation's 
coastal zone for this and succeeding generations..... More recently, Executive 
Order 11990 of May 24, 1977, ordered federal agencies with resp:>nsibilities 
in, or pertaining to, the coastal ~ne to ..... take action to minimize the 
destruction, loss or degradation of wetlands, and to preserve and enhance the 
natural and beneficial values of wetlands ..... 

In pursuit of this goal, the Texas Department of Water ~sources has 
funded aerial photographic stUdies with the Texas A&M Remote Sensing Center to 
provide baseline characterization of key coastal wetlands in Texas in order to 
Comparatively evaluate the various components of the marsh systems. The fol-
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Table 6-8. Exchange Rates of Carbon, Nitrogen, and Phosphorus in the Linear 
Marsh fran the Trinity River Delta (3j2) 

----
St~e 

Nutrient Normal Flood IDw : IDw 
(kg/ha;7d) ------

Total Suspended Solids -65.49 -52.19 15.228 -37.79 

Volatile Suspended Solids - 3.941 - 9.11 3.384 11.28 

Biochemical Oxygen Demand 0.742 - 1.18 1.523 0.82 
(5 Day) 

Total Organic Carbon - 0.464 ,2.07 -2.82 ,- 4.23 

Total Kjeldahl Nitrogen !y - 0.046 - 0.041 -0.028 - 0.085 

Total Kjeldahl Nitrogen - 0.046 0.083 -0.028 - 0.028 

Ammonia-Nitrogen - 0.0023 -0.059 -0.0085 PI - 0.006 

Nitrite-Nitrogen PI PI PI - 0.014 b/ 

Nitrate-Nitrogen PI 0.094 0.0113 - 0.024 PI 

Total Phosphorus !y - 0.0417 0.0041 0.071 - 0.096 

Total Phosphorus -0.035 -0.046 - 0.003 

Ortho Phosphorus - 0.0058 PI -0.021 0.032 b/ 

~ Results from unfiltered samples. 
PI Some or all data below detectable limits. 
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lowing description of the Trinity River delta is a by-product of seasoncil 
aerial J;t!otographic studies oonducted during the 1978-1979 growing season 
(258). 

'!he Trinity River delta is a relatively stable system whose outlet lies 
along the eastern side of an extensive deltaic wetland which fronts some 10 
miles (16 kriI) along upper Trinity Bay. Signs of man's activities are readily 
apparent throughout the delta, extending from Trinity Bay northward to Devers 
Canal. Left to its own devices, the lower river w::>u1d quite probably. have 
slowly extended its delta bayward in the long term. However, the river outlet 
has been· channelized and aligned, with spoil banks lining the extreme tip. 
Construction. of Livingston Dam upstream, coupled with dredging and diking 
downstream, have CXlIIIbined to reduce flooding of the Trinity delta except under 
extreme flood conditions. 

The natural' deltaic wetland has been significantly nodified by three 
recent construction projects. '!he construction of Lake Anahuac, an irrigation 
storage reservoir just north of the town of Anahuac, provided water for rice 
farming and in turn encouraged conversion of large areas of wetlands southeast 
of the Trinity River delta to rice culture. Construction of the 2 miles x 3 
miles (3 km x 5 km) cooling porid along the northwestern edge of Trinity Bay 
has resulted in a direct loss 6f productive wetland area. (The associated 
thermal power plant receives influent water from the San Jacinto estuary same 
seven miles [11 kmJ to the southwest and discharges into Trinity Bay). Com­
pletion of Wallisville Dam and impoundment of Wallisville Reservoir will also 
result in the loss of a sizeable area of viable wetlands. The direct, irre­
placeable loss of wetlands will ITOSt certainly impact the food chain pro­
ductivityof the Trinity-Jan Jacinto estuary. 

The long-range condition of the wetlands envirOnment will be considerably 
affected by the kinds of decisions which are made over the next few years. 
The proper environment ~lUld, in the case of the deltaic marshes, be one in 
which there is a healthy seasonal cycle of ernergence-to-maturation-to-senes­
cence-to-detrital utilization. Acre for acre, the wetlands are among the ITOSt 
productive areas on earth. Therefore, the direct and indirect impacts of 
water, power, and navigational developnent; oil and gas production; and 
expansion of agricultural and cattle-raising activities in the coastal zone 
should be of oonsuming interest. 

Summary 

The deltaic marshes are important sources of nutrients for the estuarine 
system. Periodic inundation events are natural and necessary in order for the 
marshes of the Trinity-San Jacinto estuary to deliver their potential nutrient 
stores to the open waters of the bays. This will occur as the slug of fresh­
water ITOving across the delta sweeps decayed macrophytic and dried algal mat 
material out of the system. A sudden inundation event over the delta marshes, 
following a period of ernersion, results in a short period of high nutrient 
release from the establishEid vegetation and sediments.. This period may last 
one or two days and is followed by a period in which release rates decrease 
rapidly until they approach the seasonal equilibrium. During periods of high 
river discharge and/or' extremely high tides that llmnediately follow prolonged 
dry periods, the oontribution of carbon, J;t!osphorus, and' nitrogen from the 
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deltaic marshes to the estuarine system can be expected to increase 
dramatically. 

Aerial photographic studies of the Trinity River delta have provided an 
insight into on"""",oing wetland processes. Construction of Livingston Dam 
upstream, coupled with dredging and diking downstream, have cx:mbined to reduce 
flooding of the Trinity delta except under extreme flood conditions. The 
natural Trinity River deltaic wetland has been significantly modified by three 
recent construction projects: (1) Lake Anahuac, (2) a large thermal power 
plant cooling pond, and (3) Wallisville Dam and Reservoir (uncanpleted). The 
direct loss of wetlands due to these construction activities will llDst Cer­
tainly impact the food-chain productivity of the Trinity-San Jacinto estuary. 
The long-range condition of the wetlands environment will be considerably 
affected by the kinds of decisions which are made CNer the next few years with 
regard to water, power, and nav~gational developrrent; oil and gas production; 
and expansion of agricultural and cattle-raising activities in the coastal 
zone. 
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rnAPl'ER VII 

PRIMARY 1\ND SECCtIDARY BA.Y ProDUcrIOO 

Introduction 

A large number of environmental factors interact to cpvern the OITerall 
biological productivity in a river fed, embayment-type system such as the 
Trinity-San Jacinto estuary. In order to describe the "health" of an 
estuarine ecosystem, the food-web and its trophic levels (e.g., primary and 
secondary bay production) must be nonitored for a long enough period to estab­
lish seasonality, distribution of production, and ccmnunity canposition. 
Ecological variables which were studied and are discussed herein include the 
abundance (counts per unit volume or area), distribution, and species canposi­
tion of the phytoplankton, zooplankton, and the benthic invertebrates. 

All biological ccmnunities are energy-nutrient transfer systems and can 
vary only within certain limits regardless of the species Present. In a much 
simplified sense, the basic food supply (primary production) is determined by 
a number of photosynthetic species directly transforming the sun's energy into 
biomass that is useful to other rnanbers of the biological ccmnunity not ca­
pable of photosynthesis. Thus, the concept of primary ahd secondary pro­
ductivity emerges. Fundamentally, primal:y productivity represents the auto­
trophic fixation of carbon dioxide by photosynthesis in plants; secondary 
productivity represents the production of herbivorous animals \'ohich feed on 
the primary production canponent. . The integrity of biological systems then 
stems mainly from the nutritional interdependencies of the species canposing 
them. These interdependencies form a functional trophic structure within the 
estuary (Figure 7-1). 

The·phytoplankton (free-floating plant cells) form a portion of the base 
of this trophic structure as primary producers. Estuaries benefit fran a 
diversity of phytoplankton by experiencing virtually year-round photosynthesis 
and production. Shifts in cornnunity canposition and replacement of many 
species throughout the seasonal regime provide ·an efficient ajaptation to 
seasonal·changes in ·biotic and abiotic factors. Secondary production evolves 
as the phytoplankton producers are consumed in turn by the zooplankton (tiny, 
suspended or free-floating animals) and filter-feeding fishes; planktonic 
detritus is also utilized by many benthic invertebrates. 

Characteristically, each estuary has identifiable· phytoplankton, z0o­

plankton, and benthic comnunities. Since these ·organisms respond to their 
total environment in a relatively short time-span, they can be employed as 
"indicators" of primary and secondary production, especially in the <:pen bay 
areas. Therefore, the main objectives of this analysis are to describe the 
community composition, distribution, density, and seasonality of the following 
important ecological groups: phytoplankton, zooplankton, and benthic inverte­
brates. 

Data presented in this report for each of the lower food chain categories 
( i. e., phytoplankton, zooplankton, and benthos) were· obtained fran a study 
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Figure 7-1. Estuarine Food-Web Relationships 
Between Important Ecological Groups (77) 
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performed by Espey, Huston and Associates, Inc. ( 63) under' interagency 
contract with the Texas Department of Water Resources. The objective of the 
study was to determine species diversity and standing crops of the 
phytoplankton, zooplankton, and' soft-bottom benthic assemblages of Trinity 
Bay. 

Hydrographic, dlemical, and biological samples were collected I1Dnthly 
from Trinity Bay from September 1975 through August 1976 at six stations rang­
ing from the I1Duth of the river CNer the extent of the bay (Figure 7-2). 1n­
situ profiles of salinity, conductivity, temperature, and dissolved oxygen 
were obtained at each sampling site. Surface water samples were analyzed for 
nitrite nitrogen, nitrate nitrogen, anm:>nia, organic nitrogen, ortho-phos­
phate, total I*tosphorous, and total organic carbon. 

Phytoplankton 

Data Collection 

Seven divisions represented by 132 phytoplankton species were collected 
from the Trinity Bay system: Bacillariophyta - diatoms [54 taxa!; Olloro­
phyta - green algae [45 taxa!; Cyanophyta - blu~reen algae [14 taxa!; Pyrro­
phyta - dinoflagellates [9 taxa!; Euglenophyta - [7 taxa!; Cryptophyta - [2 
taxa!; and Chrysophyta - golden-brown algae [1 taxon!. It may be of interest 
to note that many of the species collected, especially the Chlorophyta, are 
considered to be freshwater forms and their presence is perhaps an indicator 
of the prevailing low salinity regime found in the Trinity Bay system. 

Surface and bottom I*tytoplankton. samples were collected at each station 
and these data were pooled in the following analysis. Phytoplankton concen­
trations in a single (pooled) sample ranged from 10,200 cells/l at site 5 

. (November 1975) to 1,276,000 cells/l at site 1 (February 1976) (Figure 7-3). 
Mean I1Dnthly densities ranged from 33,200 cells/l in November 1975 to 488,800 
cells/l in July 1976. A smaller peak was recorded in February 1976 (354,800 
cells/I). The seasonal maxima in later winter and rnidsumner were dominated by. 
diatoms and blu~reen algae, respectively. 

Species diversity values exhibited a great deal of variability. For 
example, a diversity value of 2.0 was calculated for the February 1976 sample 

. at site 1; the following I1Dnth the diversity value increased to 3.8. An 
extremely large bloom of the diatom Skeletonerna costaturn (723,400 cells/I) 
occurred in February at this site while no "blooming" IXlPulations were 0b­
served in March. Similarly, a July bloom of the blue-green algae Oscillatoria 
at station 5, (311,200 cells/I) produced a diversity value of 2.6; in August 
the value increased to 4.2. In general, major blooms (greater than 20,000 
cells/I) caused low species diversities; high diversity values were usually 
found in the absence of blooming populations. 

Over the 12-rnonth study period the mean percentage representation of each 
phytoplankton division for all stations was as follows: 

Diatoms 
Green algae 
Blu~reen algae 
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Dinoflagellates 
Euglenoids 
Others 

5.9% 
2.6% 
2.7% 

The seasonal succession of Trinity Bay j:ilytoplankton groups, averaged 
over all stations, is shown in Figure 7-4. The diatom ccmponent was 
particularly large in February and April 1976 samples. As previously 
mentioned, a bloom of the diatom Skeletonema costatum was responsible for the 
February peak. The April peak was due largely to bloaning >X'pulations of 
Thalassionema nitzschoides and Navicula abunda. The blue-green algae 
comprised over 70 percent of the total standing crop in July 1976 due to large 
numbers of Oscillatoria. Populations of Prorocentrum caused the 
dinoflagellate representation to rise to 32 percent in January 1976 samples. 
No other major ccmpositional shifts were observed during the sampling period. 

The' percent abundance of the major P1ytoplankton groups was averaged over 
all sampling dates (Table 7-1). Stations 3, 4, and 5 under the direct in­
fluence of the Trinity River, had a relatively low representation of diatoms; 
the green and blue-green algae appeared to be the nest prevalent at these 
stations. The opposite was true for stations 1, 2 and 6. 

The average nenthly densities of the five nest prominent P1ytoplankton 
taxa are listed in Table 7-2. The blue-green algae Oscillatoria and the 
diatom Skeletonema costatum produced conspicuous bloans in July and February, 
respectively. The haloj:ilHous freshwater diatom Cyclotella meneghiniana was 
Ubiquitous throughout the year but reached maximum densities in January 1976; 
another diatom Nitzschia closterium was nest prevalent in May-June samples. 
Ankistrodesmus~. a green algae, was also ubiquitous throughout the year. 

Results of Analyses 

Trinity Bay j:ilytoplankton densities observed during the Espey, Huston and 
Associates study were similar to values reported for other marine areas and 
estuaries of ~xas. Average standing crop for the 12-month study was 171,400 
cells/I. Moseley et al. (19) state that P1ytoplankton densities of 730,000 
cells/l occurred in Cox Bay, while Espey, Huston and Associates (49) reported 
phytoplankton densities of 133,000 cells/l from Sabine Lake. Standing crops 
observed by Holland et al. (325) in the Nueces and Mission-Aransas estuaries 
ranged from 55,000 cells/l in Copano Bay to 790,000 cells/l in Nueces Bay. 

Some of the green and blue-green algae collected are representative of 
typical forms found in freshwater reservoirs of the southwestern United 
States. Diatoms and dinoflagellates found in Trinity Bay were a mixture of 
freshwater, brackish, and marine species that frequently occur in coastal. 
areas of the Gulf of Mexico. Although euglenoids are generally regarded as 
freshwater organisms, species such as Euglena and Eutreptia are frequently 
tolerant of salinity. 

Phytoplankton species vary markedly in their ability to withstand changes 
in salinity. Accurate halobion classification of nest species found in 
Trinity Bay is impossible due to insufficient culture experimentation on 
salinity optima and tolerances. Chu (22) noted that although cell division 
can continue in freshwater for nest estuarine species, most freshwater species 
cannot grow in salinities exceeding 2 ppt. Foerster (67) found, however, that 
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Table 7-1. Abundance of Phytoplankton Groups by Station in Trinity Bay, 
September 1975 - August 1976 

~~ 1a/ 2 3 4 5 6 
Groul2 : . . : . 

(percent) 

Diatoms 61.5 53.3 25.B 21.9 43.B 49.3 

Green algae 17 .2 1B.2 27.0 35.5 21.4 21.9 

Blu~reen 6.5 17.1 36.5 2B.6 26.0 23.2 
algae 

Dinoflagellates 7.0 7.2 4.1 4.3 4.7 2.2 

Euglenoids 5.4 2.5 2.4 1.3 2.3 1.5 

Others 2.4 1.7 4.2 3.4 1.B 1.9 

Total Standing 100.0 100.0 100.0 100.0 100.0 100.0 
Crop 

:~;;rRefer to Figure 7 2 ror-focations of Stations 1· through -b.-----
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Table 7-2. Average Monthly Density of Major Phytoplankton Species in Trinity 
Bay, September 1975 - August 1976 

---------: : : 
Species Sep Oct Nov Dec : Jan : Feb Mar : Apr May Juri Jul Aug 

nurrber/ml 

Blue-green Algae 

Oscillatoria 0.1 0.8 0 0 0 0 0.1 0 0 1.6 309.8 0.5 

Diatoms 

Skeletonema- 0 0 0 35.3 6.9 207.8 3.6 2.1 0 0 0 0 
costatum 

Cyclotella 1.6 1.6 1.5 10.8 61.1 2.6 0.5 1.4 2.5 15.5 2.7 4.6 
::1 meneghiniana 
H 
I 

ID Nitzschia 4.6 0 0- 0.2 0.1 3.6 1.3 4.5 26.8 57.6 1.5 2.0 
closterium 

Green Algae 

Ankistrodesmus 25.8 54.8 1.5 1.5 0-.3 1.7 0.7 0.7 0.5 8.2 7.7 1.7 



many freshwater species can resume growth after' exposure to seawater if placed 
in a freshwater medium. 

Estuarine plankton were divided by Perkins (200) into three cx:mponents: 
.. (1) autochthonous populations, the permanent residents; (2) temporary auto­
chthonous populations, introduced from an outside area by water lIOvernents, are 
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, are unable to propagate and have a 
limited survival potential." The Trinity bay system supports a phytoplankton 
population derived from the entire range described above. The Euglenophyta 
(e.g., Euglena and Trachelaronas) are representative of the permanent auto­
chthonous populations. Tenporary autochthonous species include diatoms (e.g., 
Skeletonema costatum)and dinoflagellates (e.g., Prorocentrum). The allodl­
thonous element is difficult to define but is probably represented by diatoms 
and green algae derived from roth marine and fresh environments. 

Freshwater inflows from river, sources may act to transport freshwater 
phytoplankton species into the estuarine system. Although river flows func­
tion to lower salinities and to transport nutrients, detritus, and dissolved 
organic materials into the bay, the rate of river flow through an estuary can 
also have contrasting effects. More nutrients and freshwater plankton may be 
imported to the system with increased flow rates, thus increasing standing 
crops and primary production. ,At very high flow rates or flood conditions, 
however, the high turbidities, salinity changes, and flushing out of 
indigenous populations may depress phytoplankton abundance and productivity. 

Correlation analysis of combined river inflow (gaged and ungaged) versus 
mean phytoplankton standing crops from the Trinity Bay study, oowever, re­
vealed a lack of correlation (ex > 0.05). This was due, in part perhaps, 
to the atypical Trinity River inflows during this period. Normally, peak 
periods of inflow occur in late spring and early fall. However, in 1975 the 
fall maximum was absent and the spring 1976 peak was sustained well through 
July (Figure 7-5). 

A lIOre detailed analysis ,was performed in ~ich the lIOnthly conbined 
river inflows were compared to average lIOnthly phytoplankton densities at 
stations 3, 4, and 5 (lagged one lIOnth). The analysis revealed a very highly 
significant (ex = 0.01) correlation coefficient (r2 = 0.778), implying that 
about 60.5 percent of the variations in phytoplankton standing crops at these 
stations were due to fluctuations in river inflows. 

Winsrorough and Ward (56) utilized data oollected from the Espey, Huston 
and Associates study and discovered a clear distinction in oanmunity composi­
tion between these stations (3, 4, and 5), dominated by the outflow of the 
Trinity River, and the lIOre saline stations 1, 2, and 6; The green algae were 
predominant at the former ~ile diatoms dominated collections at the latter 
(Figures 7-6 and 7-7). Results were compared with an earlier study of Galves­
ton Bay reported by Copeland 'and Fruh (32). The Galveston Bay study included 
phytoplankton collections in February, April, July, and October 1969 in 
Trinity Bay. The number of species identified by Copeland and Fruh were about 
half those encountered in the ESpey, Huston and Associates study. The pre­
dominance of the green algae was no~ noted at 'the river-influenced stations. 
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Zooplankton 

Data Collection 

A total of 70 zooplankton species representing nine phyla were identified 
during the 12-month study (63). The nest praninent phylum was the Arthropoda 
which accounted for 55 percent of the organisms identified. The rotifers 
accounted for 21 percent, the' protozoans for 15 percent, and the annelids for 
three percent. The remaining four phyla (Nematoda, Mollusca, Chaetognatha, 
and Chordata) accounted for a combined total of six percent. The freshwater 
zooplankton assemblages included such organisms as the cyclopoid ropepods of 
the genus cyclops and rotifers, including Asplancha, Brachionus, and Keratel­
lao The brackish or estuarine species were cx:mrronly represented by the 
calanoid ropepods Acartia spp.' or the cyclopoid ropepods Oithona spp. Marine 
species from the neritic Gulf waters were represented by the calanoid ropepod 
Labidocera aestiva, the bioluminescent dinoflagellate Noctiluca scintillans, 
and the chordate larvacean Oikopleura. 

Zooplankton standing crops in a single sampl'e rCl!l9ed fran 155 organisms/ 
m3 at station 3 in July 1976 to 426,101 organisms/m3 at station 6 in April , 
1976 (Figure 7-8). Station '6,1 off Smith Point, averaged 44,583 organisms/ 
m3 , while Station 3, near the neuth of the Trinity River averaged 5~925 
organisms/m3. The overall mean density for all stations was 21,971 
organisms/m3 for the 12-month study. 

Zooplankton populations experienced greater seasonal fluctuations than 
phytoplankton. Peaks in standing crops occurred in April and' August 1976. 
Mean nenthly densities showed tremendous variation--up to two orders of magni­
tude-"",ver short periods of time. The mean nenthly density for all stations, 
ranged from 1,235 organisms/m3 in December 1975 to 190,560 organisms/m3 in 
April 1976. 

The zooplankton <XJIlIl\unity of Trinity Bay can be sumnarized as follows: 

1. Calanoid copepods of the genus Acartia. (Acartia tonsa was 
the dominant species in this system). -

2. Immature ropepods; i.e., naupliar larvae and copepodites. 
3. Other Copepods with the, exception of Acartia (e.g., CYclops 

and Oithona). 
4. Immature barnacles, i.e., nauplii and cyprids. 
5. Rotifers, primarily fre,shwater forms, such as Asplancha, 

Brachionus, and Keratella. 
6. Miscellaneous crustaceans including ostracods, cladocerans, 

etc. , 
7. Protozoans, primarily Tintinnopsis and Noctiluca scintillans. 
8. Others (e.g., immature gastropods, insect larvae, etc.). 

The oominant organisms during the study were the barnacle nauplii, the 
calanoid ropepod Acartia tonsa, and the cppepodites. The rombined standing 
crops of these' three organisms romprised OITer 70 percent of the total z0o­

plankton populations for all nenths except April 1976 during the study (Figure 
7-9). April collections were oominated by ropepod nauplii and the protozoan 
Noctiluca scintillans. 
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Acartia tonsa reached peak densities in sl.Ullller and early fall nonths of 
the studY •. ftle inmature barnacles, including the naupliar and cypris forms 
were praninent in late winter and early spring which corresponds to the period 
of greatest spawning activity of the barnacle. The linmature copepods were 
most abundant in October and November 1975 and April through July 1976. 

Results of Analyses 

Estuarine zooplankton actually represent two separate categories: 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 ctenophores). Meroplankton, however, represent 
only certain life stages of animal species that are otherwise oot considered 
planktonic (e.g., larval stages of barnacles, oysters, shrimp, crabs, and 
fish) • 

Many zooplankton species found in Trinity Bay are widely distributed 
along the coasts of the United States, while others may even have a world wide 
distribution. For example, Green (77) reports that Acartia tonsa may be found 
in the Central Baltic Sea area; Brachionus ql!adridentata is also known fran 
parts 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 this study. As previously IlEntioned, 
barnacle nauplii and the calanoid copepod Acartia tonsa were the daninant 
zooplankton forms in Trinity Bay. This agrees with studies in Sabine Lake 
(421, 49), in Lavaca Bay (293), in San Antonio Bay (291), and in the Nueces 
and Mission-Aransas estuaries (325). Maximum and minimum mean nonthly densi­
ties in Trinity Bay were also similar to results fran the studies mentioned 
above (Table 7-3). Mean nonthly zooplankton standing crops fran the Trinity 
Bay study are canpared with canbined (gaged and ungaged) river inflow in 
Figure 7-10. 

Freshwater inflow can influence zooplankton in several ways. Estuarine 
zooplanktOn standing crop composition can be altered by importation of fresh­
water species. Inflows can also transport zooplankton food resources into the 
system in the form of I=hytoplankton and detritus. However, zooplankton 
comnunities may also be adversely affected by increased river inflows. Sudden 
shifts in salinity and flushing out of autochthonous populations can decrease 
zooplankton standing. crops. As reported by Perkins (200) the primary factor 
influencing the composition and abundance of estuarine zooplankton is develop­
ment rate versus flushing time. Saltwater intrusions, on the other hand, act 
to (1) import marine zooplankton into the system; (2) import marine I=hyto­
plankton as a food source; and (3) increase salinity. 

Correlation analyses revealed no significant statistical relationships 
between zooplankton populations and river inflows. However, freshwater 
inflow/salinity changes were important factors regulating the species 
composition, seasonal occurrence, and distribution of zooplankton canIDlinities 
during the Trinity Bay study. Diversities at stations 3, 4 and 5, closest to 
the river's nouth, were directly related to the rate of river flow; that is, 
diversity changes were closely allied to the presence or absence of freshwater 
taxa. Stations 1, 2 and 6 were located in areas of considerable mixing of 
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Table 7-3. Range of Mean Monthly Zooplankton Densities (individuals;m3) 

System Minimum Maximum 

-----
Trinity Bay (63) 1,235 (Dec. 1975) 190,560 (Apr. 1976) 

Nueces Bay (325) 832 (Oct. 1973) 8,027,855 (Feb. 1974) 

Corpus Olristi Bay (325) 1,722 (Dec. 1972) 53,657,037 (Mar. 1973) 

Copano Bay (325) 1,296 (Sep. 1974) 53,536 (Feb. 1973) , 

Aransas Bay (325) 2,497 (Dec. 1972) 3,008,679 (Feb. 1974) 

Sabine Lake (49) 381 (Apr. 1975) 20,042 (Oct. 1974) 

Lavaca Bay (293) 1,980 (Oct. 1973) 27,846 (Feb. 1974) 

San Antonio Bay (291) 820 (Jun. 1973) 46,296 (Feb. 1973) 
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water masses and zooplankton; conrnunities oonsisted mainly of brackish water 
species and species preferring more saline waters. 

The ecological niches for zooplankton are such that cptirnal oonditions· 
for growth and survival occur at different times of the year for different 
species. Optimal conditions for a given species result in high nurrbers of 
individuals for that species as long as· favorable conditions last. If condi­
tions are favorable for more than one species at the same time, the dominant 
or more COIIpetitive species will be found in the highest numbers followed by 
smaller increases in populations of the other species involved. Because the 
species in an area can vary in density and species predcxninance as well as 
fluctuate seasonally during the year, reliable conclusions on the plankton 
populations of an area can only be drawn on the basis of long-term investiga­
tions with regular catches. 

Benthos ---
Data Collection 

A total of 4,608 organisms representing 72 species in six phyla were 
identified fran benthic samples oollected during the 12-rnonth Espey, Huston 
and Associates study (63). Triplicate samples were collected at each station 
with a 6 x 6-inch Ekman dredge. Results discussed herein are reported as 
individuals/m2. 

The rnost prominent phyla were the Annelida which accounted for 49 percent 
of the species identified, followed by the Arthropoda with 25 percent, and the 
Mollusca with 20 percent. '!be remaining three phyla, the Bryozoa, Rhyn­
chocoela, and Chordata, comprised a total of six percent of the species 
identified. 

Mean monthly densities ranged from a high of 1,463 individuals/m2 in 
September 1975 to a low of 409 indi v iduals/m2 in August 1976. The OITerall 
mean density for the 12-rnonth study was 945 individuals,nn2. Occasional peak 
populations in individual samples precluded any correlation between samples. 
For example, standing crops ranged from 129 individuals,nn2 at station 5 to 
2,222 individuals/m2 at nearby station 6 in May 1976 (Figure 7-11). 

Bottcxn salinities generally followed the pattern of river discharges 
during the year with highest values recorded during the fall and winter when 
sustained freshwater inflows were low. In almost all months the lowest 
salinities were recorded at stations, 3, 4 and 5, presumably because of the 
more direct river influence. 

The polychaetes dominated benthic collections at all stations (Figure 
7-12). Seventy-four percent of the OIlerall collections were canprised of 
polychaetes; the molluscs accounted for 15 percent, and others, including 
arthropods, rhynchocoels, chordates, and bryozoans, accounted for 11 percent. 
Stations 3, 4 and 5 exhibited greater numbers of molluscs than the stations 
farthest removed fran the mouth of the river. While the lIOlluscs and "others" 
comprised 34 percent of the total standing crop at stations 3, 4 and 5, they 
only accounted for 14 percent at stations 1, 2 and 6. Conversely, the rely­
chaetes dominated stations 1, 2 and 6 with 86 percent of the catches and 
accounted for only 61 percent of the collections at stations 3, 4 and 5. 
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Figure 7-11. Mean Monthly Benthos Densities in 
Trinity Bay. September 1975-August 1976 
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The most abundant organisms in the benthos were an unide~tified 

polychaete of the family capitellidae and MediCl1lastus californiensis, also a 
capitellid polychaete. These two organisms were present at all stations often 
oamprlSLng a large percentage of the total numbers oollected. The 
unidentified capitellid polychaete was most prominent in late fall and winter 

'~ silnples while MediCl1lastus ·californiensis was prevalent in .spring and surrrner 
.' cOllections', Other organisms \'bich oonstituted at least 30 percent of the 

st:?nding crop of a particular oollection are shown in Table 1-4. It is of 
interest. to note that Amnioola, a freshwater gastropod, was Cbminant three 
I)!Onths (September, October and November 1975) at station 3, 'near the mouth of 
the Trinity River. 

Resul ts of Analyses 

. Benthic organisms are generally oonsidered to be intennediate in the 
estuarine food chain, functioning to transfer energy from primary trophic 
levels, including detritus and plankton, to higher oonsumers such as fish and 
shrimp. Since many benthic organisms are of limited mobility or eVen cr:rn­
pletely sedentary, biCl1lass and diversity fluctuations are often· inve!!tigated 
in order to demonstrate natural or man-made changes \'bich can upset eoological 
balances. Further, it is known that the biCl1lass of benthic fauna increases·as 
the general productivity of an estuarine eoosystem increases (77). 

Benthic diversity generally decreases with distance upstream in an 
estuary. From a minimum, at a salinity of 5.0 ppt, species numbers gener?lly 
increase seaward to a maximum at about 35 ppt, the nomal salinity of sea­
water, and decline once more with increasing salinity (111). This was found 
to be true in Lavaca and San Antonio Bays \'bere 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 \'ben 
sustained freshwater inflows were low (291, 293). No such pattern was 
evident, however,' in . the . benthic populations from the Trinity Bay study: 
Diversities were generally variable from month~to-month with no apparent sea­
sonal trends. 

Harper (245) studied the distribution of benthic organisms. in undredged 
oontrol areas of San Aritonio Bay and found an almost logarithmic decrease in 
benthic populations with increased salinity. Holland et al. (325) also found 
this to be true in Nueces Bay where an inverse relationship was found between 
salinity and standing crop. In a:'ldition, Harper (245) found that increases in 
benthic populations, associated with decreased salinity, were attributed to 
increased flow of water-borne nutrients because benthic organisms like Rangia 
cuneata and Littoridina sphinctostCl1la are known to spawn in response to 
increased nutrients and rapid decreases in sal ini ty • Gilmore et al. ( 293) 
reported that benthic populations in Lavaca Bay were not statistically related 
to freshwater inflows; significant relationships were discovered, however, 
with such hydrological parameters as bottom salinity, turbidity, total carbon, 
organic nitrogen, and nitrate. No significant statistical oorrelations (a > 
0.05) were disoovered between Trinity Bay standing crop and river flow or 
bottom salinities. Benthic populations at stations 3, 4 and 5, under direct 
influence of the Trinity River, comprised 51 percent of the total 
standing crop during the study; stations 1, 2 and 6, exposed to tidal exchange 
or discharge of the Houston Ship Channel, comprised 49 percent (Figure 7-13). 
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Table 7-4. NurrtJer of M:::nths in Iohich Each Benthic Organism Constituted 30 Percent 
or More of the Total Standing Crq:> in Tdnity Bay, September 1975 -
August 1976 

Station ---
1 : 2 3 : 4 5 6 

Organism 

Capitellidae 4 3 2 3 3 4 

Mediomastus californiensis 7 8 2 3 5 7 

Maooma (juvenile) 1 2 

IUlychaete B 3 

Amnicola 3 

Peloscolex 1 1 

Pelecypod (juvenile) 1 

Tanyplinidae 1 

Littoridinaspinctostama 1 
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Although oot statistically correlated with inflows or salinity, it 
appears likely that the benthic cxmnunity structure IolaS influenced by these 
factors nevertheless. For example, low standing crops in October through 
November 1975 and June through August 1976 probably occurred in response to 
the low salinity regime resulting from greater river inflows (Figure 7-14). 

SUIlIlIary 

The cxmnunity CXJmpOsition, distribution, abundance, and seasonality of 
the P'lytoplankton, zooplankton, and benthic invertebrates' of the Trinity-San 
Jacinto estuary were employed as "indicators" of primary productivity. The 
estuarine OOIIIIIunities were typical in that they were a:rnposed 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 pene­
trating from the freshwater environment. 

The upper Texas bays have never been characterized by high plankton popu­
lations (253, 32). High plankton counts observed in South Texas bays are pre­
sumably influenced by higher salinities and shallow, clearer waters (23). 
Seven P'lytoplankton divisions represented by 132 taxa were collected from 
Trinity 'Bay. The diatoms were the most taxonomically daninant group, account­
ing for 41 percent of the total number of P'lytoplankton species collected. 'A 
clear distinction in cxmnunity CXJmpOsition was discovered between stations 3', 
4 and 5, directly influenced by the Trinity River, and the more, saline sta­
tions 1, 2 and 6. 

A ,total of 70 zooplankton species representing nine P'lyla were identified 
during the 12-month study. The Arthropoda accounted fur 55 percent of the 
organisms identified. Regression analysis revealed 00 statistically signifi­
cant correlations between zooplankton standing crops and freshwater inflows. 
However, these factors did exhibit a regulating influence on species a:rnposi­
tion, seasonal occurrence, and distribution of zooplankton in Trinity Bay as 
evidenced by a:rnparing stations. 

Six phyla represented by 72 benthic species were collected from Trinity 
Bay. The polychaetes, P'lylum Annelida, were the most prominent organisms 
collected. Although not statistically correlated with inflows or salinity, 
the benthic cxmnunity appears to be influenced by these factors. 

The phytoplankton, zooplankton, and benthic assemblages in any body of 
water respond to a combination of physical and chemical seasonal controlling 
factors. Thus, it is difficult to single out the influence of anyone of 
these factors on the entire corrmunity. Most estuarine organisms can be 
classified by salinity tolerance as oligohaline, mesohaline, polyhaline, or 
euryhaline. That is, there is always an assemblage of species which will be 
capable of maintaining high standing crops, regardless of the salinity, as 
long as it is relatively stable, and provided that other P'lysical and chemical 
requirements for that particular assemblage are met. If freshwater inflow is 
decreased, either partially or totally, the oammunity canposition will merely 
shift toward the neritic or marine (polyhaline and euryhaline) forms. The 
primary question, then, is how this shift affects the food chain and the 
environment of those economically important organisms which, during rome stage 
of their life cycle, depend on freshwater inflow. 

VII-28 



,--.. 
C\l 

~ 

"-
t/J 
'-'I 

~ 
~ ::. .... 
~ .... 
~ 

t/J 
0 

~ 
~ 
Q:j 

SEP OCT NOV DEC JAN FEB MAR APR MAY JUN JUL AUG 
1:500 1~ 

13.5 

lZOO 

1000 10.5 

900 9 

7ro 7.5 

600 6 

~O 4-.5 

300 3 

1~0 1.5 

o 0 

SEP OCT NOV DEC JAN FEB MAR APR MAY JUN JUL AUG 
(SEPTEMBER 1975 - AUGUST 1976) 

LEGEND 
O~BENTHOS 

"-SALINITY 

Figure 7-14. Mean Monthly Benthos Densities and Mean Monthly Bottom 
Salinities in Trinity Bey, September 1975-August 1976 

VII-29 

>... .., 
~ .... 
'-'I 

~ 
~ . 
0 .., .., 
0 
~ 



0IAPl'ER VIII 

FISHERIES 

Introduction 

Virtually all (97.5 percent) of the coastal fisheries species are con­
sidered estuarine-dependent (93)." During the five year period, 1972 through 
1976, conmercial landings of finfish and shellfish in Texas averaged 97.3 
million pounds (44.2 million kg) anrlually (475-479). Approximately75 percent 
of the harvest was taken offshore in the Gulf of Mexico and the remainder was 
taken inshore in" the bays and estuaries. Conputed on the basis of two general 
fisheries components, the finfish harvest distribution was approximately 28 
percent offshore and 72 percent inshore, lIklile the shellfish harvest was of an 

j oppdsite 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 seat rout land­
ings, 60 percent of lIklite shrimp landings, and 95 percent of brown and pink 
shrimp landings. 

With respect t:9 COi1lnercial Texas bay l?Jldings fran 1972 to 1976, bays of 
the Trinity-San Jacinto estuary contributed an average 11.0 percent of finfish 
landings and 45.4 percent of shellfish landings made fran Texas bays. The 
estuary is the largest of eight major Texas estuarine areas and ranks first in 
shellfish and fourth in finfish. Based on the five year inshore-Qffshore can­
mercial landings distribution, the. average oontribution of the Trinity-San 
Jacinto estuary to total (bays and Gulf) Texas canmercial landings is 
estimated at 827,700 pounds (375,440 kg) of fish and 40,792,500 pounds (18 .• 5 
million kg) of shellfish annually. In crldition, the canmercial fish harvest 
has been estimated to account for only abo.ut 14.1 percent of the total fish. 
harvest in the estuary, with the remainder (85.9 percent) <;ping to the sport 
or recreational catch (295r. " Thus, an crlditional 5,042,400 pounds (2.3 
million kg) of sport catch can be canputed lIklich raises the estimated average 
annual"fish harvest contribution fran the estuary (both inshore and offshore) 
to 5,870,100" pounds (2.7 million kg). The average harvest contribution of all 
fisheries species (fish and shellfish) fran the estuary is therefore estimated 
at 46.7 million pounds (2;.2 million kg) annually. 

Previous research has described the general ecology, utilization and 
management of the coastal fisheries (360, 180, 178, 88, 222, 218), and has 
provided information of Texas tidal waters (341, 346, 480, 202) and the re­
lationship of freshwater inflow to estuarine productivity (501). Also, prior 
studies in the Trinity~San Jacinto estuary have covered a wide range of topics 
dealing with the estuary's fish (361, 352, 130, 299, 324, 209, 208, 350), 
shrimp (500, 21,. 329), oysters (76, 300), and the effects of man-induced dis­
turbances and pollution (334, 292, 161, 158, 335, 518, 288, 316, 184, 206, 
241). For a IIOre canprehensive listing of studies, the· reader is referred to 
Christman, Kochman, and Lippencott's recent annotated bibliography of Galves­
ton bay fish and wildlife resources (494) which contains Oller 1,600 scien-" 
tific, engineering,. and economic references to the estuary. 
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The fluctuating contributions of freshwater inflow and associated nutri­
tive and sedimentary constituents from the Trinity River and Delta have been 
of continuing interest because of their P'lysical, dlemical, and biological 
effects on the estuary, particularly Trinity bay. In this regard, Diener 
(498) concludes that the q>timum salinity range in the bay is 10-17 ppt and 
that an estimated 2,000 cubic feet per second (118,800 acre-feet per nonth) of 
Trinity River inflow during March through October is necessary to maintain the 
habitats. Copeland et al. (317) estimated that the upper Trinity Bay habitats 
were up to 72 percent dependent upon river-borne organic matter to, support the 
observed high secondary productivity of the area. More specifically, Parker 
et al. (23) conclude that a minimum 1. 3 mill ion acre-feet (1.6 billion m3) 
per year of Trinity River inflows may provide sufficient nutrients to sustain 
a low level of P'lytoplankton and marsh plant production in the Trinity Delta 
and Bay area. However, Soloman and Smith (25) suggest that I>.hile the bay is 
highly dependent upon the river inflows fOr salinity gradient maintenance, the 
bay may not be as dependent upon river-borne nutrients. 

Although an inverse correlation has been reported between' Trinity River 
flows and the bay's density of crustaceans (255), Coq>er (31) notes that 
excessive retardation of freshwater flow acted as a stress I>.hich had synergis~ 
tic effects with increased effluent loading. Using 1958 through 1968 commer­
cial fisheries statistics, Parker and Blanton (24) hypothesize a reduction in 
seafood landings I>.hen average winter salinities exceed summer salinities as a 
result of high spring/sumner freshwater inflows to the estuary. In another 
attempt to correlate fisheries with inflows, Armstrong and Hinson (336) report 
an analysis of 1959 through 1964 records indicates that Galveston Bay dis­
placement rates exceeding twice per year apparently cause a decrease (i.e., 
negative correlation) in total commercial harvests. Recognizing this analysis 
as rather gross, they further suggest that the estuarine system would produce 
larger comnercial catches with Galveston Bay water volume displacement rates 
less than 2.0 per year, estimating the maximum fisheries production to be near 
0.5 per year or about 1.2 million acre-feet (1.5 billion m3) annually. 
Powell (264) examined the seasonal distributions of freshwater inflow at 
Trinity Delta and found several dichotanies in seasonal inflow distributions 
associated with the "best" versus "worst" five harvest years in the 1962 to 
1976 comnercial fisheries records. Additionally, negative correlations ~re 
reported between oyster harvests and September-october inflow, and brown and 
pink shrimp harvests and March-May inflow (264). However, multivariate equa­
tional models of fisheries production fran several important species as a 
function of the effects of seasonal freshwater inflows have not been previous­
ly constructed. 

Data and Statistical Methods 

Direct analysis of absolute fisheries bicrnass fluctuations as a function 
of freshwater inflow is not possible because accurate bicrnass estimation 
requires either considerable experimental calibration of current sampling 
methods (141) or the developnent and application of higher technologies such 
as the use of high resolution, <XX11puter interpreted, oonar soundings for 
estimation of absolute fish abundance (41). Therefore, rome indirect or 
relative measure of the fisheries must be substituted in the analysis. In 
terms of measurement, preC1S10n is a major consideration of relative 
estimates, I>.hile accuracy is of paramount importance to absolute estimates of 
abundance (14 1 ) • 
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Prior research has dem::mstrated 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 
production (115, 96, 95, 423, 238, 237). Therefore, oommercial 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 (Le., the surplus production) by market conditions. 
Similarly, annual harvest variations can provide relative estimates of the 
fisheries biomass fluctuations occurring from year to year. 

In Texas, commercial harvest data are available from the Texas Landings, 
publications (481-487, 472-479) which report inshore harvests from the various 
bays and offshore harvests from the Gulf of Mexico. Since the offshore har­
vests reported in Texas Landings represent collective fisheries production 
from the western Gulf region's estuaries, it is the inshore harvests reported 
by estuarine area that provide fisheries data related to a particular estuary. 
In addition, the offshore shrimp fishery is partitioned into shrimp fishing 
grid wnes in the Gulf <;;cast Shrimp Data publications (503-512, 519-526), 
which report the quantity and value of the commercial catch by species and the 
effort (number of fishing trips) in each area of capture at each trawling 
depth. Data from these offshore areas may also be useful in assessing the 
effects of seasonal freshwater inflows 00 inshore shrimp "nursery" habitats of 
geographically associated estuaries. 

Commercial inshore harvests from bays of the Trinity-San Jacinto estuary 
are tabulated for several important fisheries components (Table 8-1). In 
addition, collU11ercial offshore harvests of penaeid shrimp and fishing effort 
are tabulated for Gulf Area No. 18, the offshore fishing grid area associated 
with the Trinity-San Jacinto estuary (Table 8-2). By using inshore harvest 
data since 1962, 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 !lOst of the fisheries components because of the high 
demand for this seafood. Nevertheless, landings data from the turn of the 
century to the late 1940's are incomplete and report only the ~ite shrimp 
harvest. Exploitation of the brown shrimp began in 1947 with night trawling 
in of fsfhore 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 standarized 
until the early 1960's, and since earlier harvest records are inconsistent, 
the inshore (bay) fisheries analysis utilizes the !lOre reliable records 
available from 1962 to 1976. This 15-year interval includes both wet and dry 
climatic 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 components. Analysis of the offshore 
shrimp fishery is slightly expanded to cover the 18-year interval from 1959 to 
1976. 

The finfish component of the fisheries harvest is specific for the com­
bined harvests of croaker (mostly Micropogon undulatus Linnaeus), black drum 
(POgonis cromis Linnaeus), red drum or redfish (Sciaenops ocellata Linnaeus), 
flounders (Paralichthys spp.; most P. lethostigma Jordan and Gilbert), sea 
catfish (Arius felis Linnaeus), spotted seatrout (Cynoscion nebulosus Cuvier), 
and sheepshead (Archosargus probatocephalus Walbaum). Similarly, the shell­
fish component refers to the blue crab (Callinectes sapidus Rathbun), American 
oyster (Crassostrea virginica Gtjelin), white shrimp (Penaeus setiferus 
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Table 8-1. GommeLcial FisheLies HaLVests in the TLinity-San Jacinto~, 1962-1976 (462-469, 471-477) 

Year 

1962 
1963 
1964 
1965 
1966 
1967 
1968 
1969 
1970 
1971 
1972 
1973 
1974 
1975 
1976 

:Shellfish b/: 

5,254.1 
6,736.8 
9,534.1 

10,599.6 
7,382.2 
6,227.8 
7,203.1 
9,438.0 

12,097.7 
11,196.4 

9,485.0 
9,184.4 
6,634.8 
7,855.9 

10,058.2 

Mean 8,592.6 
+S.E. 31 +516.1 

White 
Shrimp 

3,324.4 
3,027.2 
4,700.7 
3,066.2 
1,260.0 
1,038.8 
2,514.0 
3,809.6 
4,069.5 
2,963.8 
2,956.7 
4,063.4 
2,392.4 
3,927.2 
3,358.2 

3,098.1 
+206.6 

Cormnercial Fisheries 
: BLown & Pink: 

Shrimp 

868.5 
600.8 
717.0 

1,132.2 
681.1 

1,148.5 
307.8 
475.5 

1,556.0 
2,050.1 
1,398.5 

951.6 
1,422.6 

828.4 
1,802.0 

1,062.7 
+129.4 

Blue 
Crab 

311.3 
977.5 

1,195.6 
1,817.9 
1,357.8 
1,047.9 
1,542.6 
1,705.7 
2,622.0 
2,160.8 
1,870.1 
2,040.0 
1,983.1 
1,863.5 
1,599.5 

1,606.4 
+146.0 

Harvests 
Bay 

Oyster 

749.9 
2,131.3 
2,920.8 
4,583.3 
4,083.3 
2,992.6 
2,838.7 
3,447.2 
3,850.2 
4,021.7 
3,259.7 
2,129.4 

836.8 
1,236.8 
3,298.8 

2,825.4 
+306.6 

(thousands of pounds) 
Sp:>tted 

Finfish c/: Seatrout 

59.9 
159.0 
411.0 
413.4 
350.5 
635.1 
333.4 
278.1 
264.7 
155.3 

·295.8 
498.6 
446.2 
452.9 
445.4 

346.6 
+38.7 

17.0 
142.9 
176.9 
277.0 
161. 7 
280.4 
174.2 

55.7 
89.2 
75.9 

128.4 
232.8 
272.9 
221.0 
181.5 

165.8 
+21.3 

Red 
Drum 

2.6 
1.3 

25.7 
32.2 
29.8 
45.0 
21.2 
38.1 
35.3 
18.1 
33.6 
49.6 
34.9 
79.5 
97.5 

36.3 
+6.5 

Black 
Drum 

11.9 
7.9 

62.4 
23.9 
29.1 

124.9 
54.4 
44.6 
39.0 
25.2 
72.7 
93.0 
27.6 
46.4 
47.4 

47.4 
+8.1 

a/ Estuary ranks first in shellfish and fourth in finfish commercial harvests of eight Major Texas es~uarine areas 
"5/ Mul ti-species fisheries corrponent includes blue crab, bay oyster, and white, brown, and pink shrimp harvests 
c/ Multi-species fisheries conp::ment includes croaker, black drum, red drum, flounder, sea catfish, spotted seatrout, 
- and sheepshead harvests 
31 Standard error of mean; two standard errors provide approximately 95 percent confidence limits about the mean 



Table 8-2. Offshore Oommercial Penaeid Shrimp Harvests in Gulf Area No. 18 sf, 
1959-1976 (503-512, 519-526) 

Year 

1959 
1960 
1961 
1962 
1963 
1964 
1965 
1966 
1967 
1968 
1969 
1970 
1971 
1972 
1973 

. 1974 
··1975 

1976 

Mean 
2:S .E. sI 

White Shrimp b/ 

Harveste/: Effort i/ 

2,279.1 
2,344.8 
1;372.6 

.1,409.8 
1,988.2 
2,513.1 
1,851.8 
2,018.5 
2,049.8 
2,515.3 
3,445.7 
3,822.1 
3,851.0 
3,195.9 
4,064.7 
4,893.6 
3,287.5 
3,482.4 

2,799.2 
+234.0 

4,209.9 
6,210.3 
3,929.1 
3,445.2 
3,595.1 
4,124.2 
4,176.7 
4,591.1 
6,992.7 
4,170.6 
5,049.9 
4,754.4 
7,009.6 
6,315.3 
5,613.2 
8,149.0 
6,238.4 
5,260.2 

5,213.0 
+317.3 

Brown and 
pink Shrimp c/ 

Harvest 

8,222.7 
11,831 .6 
4,022.2 
3,520.3 
5,655.3 
4,404.6 
6,630.0 
4,543.2 

17,740.1 
·3,426.4 
3,716.3 
4,591.1 

11,637.2 
6,811.4 
2,988.0 

13,019.2 
6,482.9 

10,015.7 

7,181.0 
+970.0 

Effort 

4,520.7 
6,389.6 
4,192.4 
3,763.7 
3,933.2 
4,344.4 
4,410.7 
4,692.6 
7,294.4 

·4,436.7 
5,399.7 
5,192.9 
7,355.9 
6,851.9 
6,191.9 
9,002.2 
6,660.2 
6,192.9 

5,601.4 
+344.0 

All Penaeid Shrimp d/ 

Harvest 

10,502.7 
14,176.8 
5,403.9 
4,930.6 
7,684.2 
6,921.9 
8,484.7 
6,572.8 

19,790.1 
5,945.1 
7,162.0 
8,416.2 

15,492.7 
10,027.1 
7,059.6 

18,070.6 
9,.176 .1 

13,498.1 

9,995.3 
2:1 ;042.4 

Effort 

4,520.7 
6,389.6 
4,192.4 
3,763.7 
3,933.2 
4,344.4 
4,410.7 
4,692.6 
7,294.4 
4,436.7 
5,399.7 
5,192.9 
7,355.9 
6,851.9 
6,191.9 
9,002.2 
6,660.2 
6,192.9 

5,601.4 
+344.0 

a/ Gulf shrimp fishing grid Area No. 18 lies directly offshore fran the Trinity-San 
- Jacinto estuary 
IV-White shrimp harvest and fishing effort at depths < 20 fathans . 
c/ Brown and pink shrimp harvest and fishing effort at all depths recorded 
d/ White, Brown, and pink shrimp harvest and fishing effort at all depths recorded 
e/ 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) 
f/ Fishing effort in number of fishing trips by.shrimp vessels 
~ Standard error of Jrean; t~ standard errors provide approximately 95 percent 

confidence llinits about the mean 



Linnaeus), and brown and pink shrimp (Penaeus aztecus Ives and P. duorarum 
Burkenroad, mostly P. aztecus). Other fisheries components are generally 
given as a single sPecies or species group of interest. 

Freshwater inflow' to the estuary is discussed in Chapter IV and is 
tabulated here on the basis of three anayltical categories: (1) freshwater 
inflow at Trinity Delta (Table 8-3), (2) freshwater inflow from San Jacinto 
River basin (Table 8-4), and (3) combined freshwater inflow to Trinity-San 
Jacinto estuary from all contributing river and. coastal drainage basins (Table 
8-5). Each inflow category is thus specified by its historical record of 
seasonal inflow volumes. 

The effects of freshwater inflow on an estuary and its fisheries produc­
tion involve intricate and imperfectly understood physical, chemical, and bio­
logical pathways. Moreover, a complete hypothesis does not yet exist from 
which an accurate structural 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 arrong the variables 
as historically observed. Statistical regression procedures are nost o:mron 
and generally involve empirically fitting curves by a mathematical least 
squares criterion to an observed set of data, such as inflow and harvest re­
cords. Although functional model relationships do not necessarily have unam­
biguous, biologically interpretable meaning, they are useful when they a:le­
quately describe the relations arrong natural phenomena. Even after sufficient 
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 functional models to describe natural phenomena 
while recognizing that the relational equations may not or do not represent 
the true and as yet unclear workings of nature. 

A time series analysis of the fisheries components from the Trinity-San 
Jacinto estuary was performed utilizing the University of Californis bio­
medical (BMD) computer program for the stepwise multiple regression procedure 
(16). 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 squares error term is a:lded 
to the equation. Consequently, the best significant equation is developed as 
the equation of highest multiple correlation coefficient (r), greatest statis­
tical significance (F value), and lowest error sum of squares. A typical form 
of the harvest regression equation can be given as follows: 

Ht = aO + a 1 Q1 t-b + + an Qn t-b + Et + e 
, 1 ' n 

where aO is the intercept harvest value, a1 ..• 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 harvest of a fisheries component in thousands of pounds 
at year t, 

Et = annual fishing effort of offshore shrimp fishery in number of 
fishing trips at time t, 
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Table 8-3. Seasonal Freshwater Ihflow Volumes 'frem Trinity Delta Contributed 
to Trinity-San Jacinto Estuary, 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 1,020.0 2,240.1 756 .. 0 
1960 2,568.9 636.9 403.0 
1961 ' 4,050.9 1,118.1 432.0 
1962, 821'.1 848.1 321.0 
1963.' 626.1, 666.0 .10.0 
1964 620.1 417.9 32.0 
1965 ' 1,628.1 2,310.9 50.0 
1966 1,160.1 .. 4,823.1 654.0 
1967. 185.1 677.1 . 84.0 
1968 2,211.9 4,977.9 491.0 ' 
1969 2,163.9 4,953.0 194.0 
1970 1,982.1 1,025.1 108~0 d/ 
1971 107.1 173.1 64.0 
1972 1,686.0 '569.1 99.0 
1973 2,751.0 5,153.1 729;0 
1974 ,2,273.1 1,032.9 129.0 
1975 3,186.0 3,476.1 653.0 
1976 375.9 1,526.1 465.0 

Mean 1,634.3 2,034.7 315.2 
+ S.E'. + 261.0 +425.1 +61.8 

a,7!furrTcane Carla;-Sept. -8-'"14; near· Port Lavaca 
b/ Hurricane Cindy, Sept. 16-20; near Port Arthur 
(5/ 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 
I/ Hurricane Delia, Sept. 4-7; near Galveston' 

655.0 
314.0 
837.0 
871.0 

Y 
42.0 !?I 

421.0 
113.0 
255.0 
278.0 c/ 
164.0 :-
160.0 
432.0' 
116.0 e/ 
120.0 

2,122.0 f/ 
1,199.0 

169.0 
401.0 

481.6 
+121.8 

950.0 
2,127.0 

836.0 
737.0 
111 .0 
896.0 
618.0 
177.0 
823.0 
512.0 
434.0 
96.0 

1,892.0 
484.0 

1,842.0 
3,634.0 

251.0 
1,021.0 

968,9 
,+211.2 

-------

:§! Standard error of the'inean; two standard errors provide approximately 95% 
confidence limits about the mean . 
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Table 8-4. Seasonal Freshwater Inflow Volumes fran San Jacinto River 
Contributed to Trinity-San Jacinto Estuary, 1959-1976 

Seasonal FreShwater Inflow (thousands of acre-feet) 
Year . Winter . : Spring Summer Autumn Late Fall 

Jan.-March !lpril-June July-Aug. Sept.-oct.. Nov.-Dec. 

1959 525.9 1,212.9 
1960 539.1 1,020.0 
1961 1,475.1 833.1 
1962 195.0 267.0 
1963 395.1 152.1 
1964 498.9, 291.9 
1965 359.1 243.0 
1966 872.1 1,287.0 
1967 107.1 180.9 
1968 480.0 2,106.9 
1969 933.9 624.9 
1970 324.0 788.1 
1971 95.1 156.9 
1972 428.1 1,131.9 
1973 1,064.1 2,241.9 
1974 1,131.9 369.9 
1975 567.9 1,167.9 
1976 108.0 653.1 

Mean 561.1 818.3 
+ S.E. 91 +91.6 +149.0 

669.0 
412.0 
647.0 
140.0 
146.0 
137.0 
140.0 
199.0 
195.0 
304.0 
181.0 
198.0 ~ 
247.0 
228.0 
574.0 
312.0 
270.0 
338.0 

296.5 
+40.5 

264.0 
750.0 
791.0 a/ 
99.0 
88.0b/ 

110.0 -
110.0 
198.0 
181.0 EI 
212.0 
141.0 
538.0 
293.0 Y 
185.0 

1,213.0 Y 
593.0 
146.0 
213.0 

340.3 
+73.5 

285.0 
984.0 
392.0 
318.0 
101.0 
186.0 
296.0 
60.0 
79.0 

279.0 
121.0 
110.0 
195.0 
390.0 
461.0 

1,143.0 
91.0 

674.0 

342.5 
+72.6 

a/ Hurricane Carla, Sept. 8- f4;:I1ear .,Po=r:i:"t'L"a=-v;:ac:c::::-a-----' ,---------­
b/ Hurricane Cindy, Sept. 16-201 near Port Arthur 
c/ Hurricane Beulah, Sept. 18-231 near Brownsville 
d/ Hurricane Celia, 'Aug. 3-51 near Port',Aransas 
e/ Hurricane Fern, Sept. 9-131 near Port Aransas 
I/ Hurricane Delia, Sept. 4-71 near Galveston 
~ Standard error of the mean: tloO standard errors provide 

confidence limits about the mean 
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Table 8-5. Seasonal Voluirnes of canbined Freshwater Inflow a/ Contributed to 
Trinity-San Jacinto Estuary, 1959-1976 -

Seasonal Freshwater Inflow (thousands of acre-feet) 
Year winter Spring S l.UlIIlIe r Autumn Late Fall 

Jan.-March April-June July-Aug. Sept.-{)ct. Nov.-Dec. 

1959 2,285.1 3,942.9 2,300.0 1,130.0 1,402.0 
1960 3,357.0 2,058.0 1,228.0 1,194.0 3,579.0 
1961 5,988.9 2,553.0 1,459.0 2;203.0 !?! 1,614.0 
1962 1,041.0 1,314.0 556.0 1,022.0 1,409.0 
1963 1,256.1 936.9 225.0 170.0 c/ 270.0 
1964 1,518.0 777.9 241.0 633.0 1,392.0 
1965 2,079.0 2,691.0 269.0 308.0 1,278.0 
1966 2,667.9 7,041.9 1,249.0 584.0 327.0 
1967 366.0 1,151.1 411.0 552.0 91 920.0 
1968 3,183.0 8,441.1 929.0 557.0 863.0 
1969 3,552.0 6,236.1 490.0 395.0 703.0 
1970 2,664.0 2,387.1 403.0 ~ 1,628.0 281.0 
1971 240.9 471.0 450.0 747.0 if 2,240.0 
1972 2,337.0 2,388.9 443.0 565.0 1,166.0 
1973 4,440.9 8,886.0 1,596.0 4,223.0 91 2,309.0 
1974 3,860.1 1,941.0 566.0 1,972.0 5,217.0 
1975 3,909.0 5,384.1 1,251.0 568.0 451.0 
1976 524.1 2,441.1 958.0 716.0 2,021.0 

Mean 2,515.0 3,389.8 834.7 1,064.8 1,524.6 
:!: S.E.h/ +364.2 +626.0 +135.5 +228.0 +295.2 

a;rIncludeSinflow ficin allrontrlliut1ng--rrver am coastal dramage bas"Tns -­
b/ Hurricane Carla, Sept. 8-14; near Port Lavaca 
c/ Hurricane Cindy, Sept. 16-20; near Port Arthur 
d/ Hurricane Beulah, Sept. 18-23; near Brownsville 
e/ Hurricane Celia, Aug. 3-5; near Port Aransas 
f/ Hurricane Fern, Sept. 9-13; near Port Aransas 
~ Hurricane Delia, Sept •. 4-7; near Galveston 
h/ Standard error of the mean; t1llQ standard errors provide approximately 95% 
- confidence limits about the mean 
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° = winter season (January-March) mean rronthly freshwater inflow in 
1,t-b1 thousands of acre-feet at year t-b1, Wlere b1 is a FOsitive 

integer (Table 8-6); 

°2,t-b2 
= 

°3,t-b3 
= 

° 4,t-b4 
= 

05· t-b = 
, 5 

spring season (April-June) mean IIOnthly freshwater inflow in 
thousands of acre-feet at year t-b2, Wlere bz is a FOsitive 
integer (Table 8-6); 

sumner season (July-August) mean IIOnthly freshwater inflow in 
thousands of acre-feet at yeart-b3, Wlere b:3 is a FOsitive 
integer (Table 8-6); 

autlDlUl season (September-0ctober) mean IIOnthly freshwater inflow 
in thousands of acre-feet at year t-b4, Wlere b4 is a 
FOsitive integer (Table 8-6); 

late fall season (November-December) mean IIOnthly freshwater 
inflow in thousands of acre-feet at year t-b5, Wlere bs is a 
FOsitive integer (Table 8-6); 

MAX On t-b = maximum monthly freshwater inflow during seasonal interval 
, n (On) in thousands of acre-feet at year t-bn, Wlere tn is a 

FOsitive integer (Table 8-6). 

In some cases the fisheries a:rnponent harvests appear to relate curvi­
linearly to freshwater inflow. Therefore, in order to peIlllit oontinued use of 
the stepwise multiple linear regression procedure it is necessary to transfoIlll 
the data variates to linearity. Natural log (In) transformation of both 
dependent and independent variables improves the linear fit of many curves and 
a typical form of the double log transfoIllled regression equation can be re­
written as follows: 

In Ht = aD + a 1 (In 01,t-b
1

) + ••• + an (In On t-b ) + e 
, n 

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 inshore fish­
eries a:rnponents and 1959 through 1976 for the offshore shrimp a:rnponents, 
giving 15 and 18 annual harvest observations, respectively. In the multiple 
regression analyses, the independent variables (e.g. ,01 ••• On) each oontain 
a number of observations equal to their associated dependent variable (H); 
however, the time series is not necessarily ooncomitant with that of harvest, 
varying because of oonsideration of species life history aspects involved in 
the analysis of different fisheries comFQnents. Depending UFOn the specific 
fishieries a:rnponent being analyzed, the time factor (t-b) of the independent 
variables can be the same year as harvest (t-O), one-year antecedent to 
harvest (t-1), or a running average from three antecedent years before harvest 

[ 
~ (t-b) 7 3J . 

b=! 
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Table 8-6. Time Series Alignments of Dependent/Independent Data Variates for Fisheries Regression Analysis 

.------_._--------------------------------_._---------
Ht 

Fisheries Component 

Shellfish a/ 
All Penaeid Shrimp 
White Shrimp 
Brown & pink Shrimp 

(Inshore 1962-1976) 

All Penaeid Shrimp 
White Shrimp 
Brown & pink Shrimp 

(Offshore 19S9-1976) 

Illue Crab 
Bay Oyster 

(Inshore 1962-1976) 

Finfish b/ 
Spotted Seatrout 
Red Drum 
Black Drum 

(Inshore 1962-1976) 

. .. 
• .0 • • 

Q1 Q2 Q3 

(Jan.-Mar. ) (Apr .-Jun.) (Jul. -Aug. ) 

t-O sf t-O t-O 
and and and 
t-1 ij t-1 t-1 

t-O t-O t-O 

t-1 t-1 t-1 

3 3 3 
L (t-b) :Y L (t-b) L (t-b) 

b=1 b=1 b=1 
-3- ---3- --3-

Q4 

(Sep.-oct. ) 

t-O 
and 
t-1 

t-o 

t-1 

3 
L (t-b) 

b=1 
--3-

QS 

(Nov .-Dec.) 

' t-1 

t-1 

t-1 

3 
L (t-b) 

b=1 
--3-

~ultl species component includes blue crab, bay oyster, and White, brown, and pink shrimp 

t-o for Max Q1 
and Max Q2; 
t-1 for Max QS 

(not applied) 

t-O for Max Q1 
for Max Q2; t-1 

for Max QS 

(not applied) 

b/ Multi-species component includes croaker,black drum, red drum, flounder,. sea catfish, spotted seatrout and 
- sheepshead 
c/ Inflow same year as harvest 
d/ Inflow 1-year antecedent to harvest 
31 Running average inflow from three antecedent years before harvest 



Thus, the data alignment between dependent/independent variates in the 
fisheries analysis is appropriately dlosen to take into account the probable 
lagged effect, in time, of freshwater inflow upon production and subsequent 
harvest of a particular fisheries canponent (Table 8-6). This is a standard 
procedure since it has been long recognized that environmental factors 
affecting growth and survival of the young in critical developnental periods 
can show their effect some time later when the affected age-class matures and 
enters the commercially exploited. adult population (84, 175). Earlyarticula­
tion of this idea was put forth by the Norwegian fishery scientist Johan Hjort 
in 1914 (117) and it is now generally known as "Hjort's critical period con­
cept." This suggests that the' ultimate population effect of freshwater inflow 
is somewhat delayed and can be potentially observed in annual harvest fluctua­
tions 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 (216). Based on 
the equations alone, definite statements about the true ecological relation­
ships arrong the variables cannot be made because of the inherent non-causal 
nature of statistical regression and correlation (84, 215). However, the 
hypothesis that freshwater inflow is a primary factor influencing the estuary 
and its production of estuarine-dependent fisheries is well-founded and rea­
sonable considering the substantial volume of previous scientific researdl 
dem:mstrating inflow effects on . nutrient cycling, salinity gradients, and the 
metabolic stresses and areal distributions of estuarine organisms. 

Fisheries Analysis Results 

Shellfish 

Analysis of the shellfish fisheries component yields a significant 
regression equation. that explains 87 percent of the observed variation in 
shellfish harvest from the estuary (Table 8-7). The equation is statistically 
significant ( a = 2.5%) for correlation of shellfish harvests to spring (Q2, 
Q-2, and Max Q2),. surrrner (Q3 and Q-3), and late fall (Max Q-5) 
season freshwater inflows from all contributing river and. coastal drainage 
basins (FINe). Statistical information given for all reported regression 
equations includes: (1) level of statistical significance (a value); (2) 
multiple coefficient of determination (r2 value); (3) standard error of the 
estimate for the dependent variable, fisheries harvest; (4) standard error of 
the regression coefficient associated with each independent variable, seasonal 
freshwater inflow; and ( 5) upper bounds, lower bounds, and means of the 
variables entering the equation. 

The estimated effect of a correlating seasonal inflow on harvest is 
computed 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 best significant 
equation and plotting the results permits illustration of the effects of 
individual seasonal inflow variables on the estimate of harvest. For example, 
Panel A of Figure 8-1 shows the estimate of annual inshore shellfish harvest 
decreasing from about 11.0 million pounds to 4.2 million pounds as the inflow 
during the April-0une (Q2) interval increases fran its 'observed lower bounds 
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Table 8-7. Equations of Statistical Significance Relating the Shellfish 
Fisheries Component to Freshwater Inflow Categories 51 

------_._----------------------
Trinity-San Jacinto Estuary Shellfish Harvest = f (seasonal FINTO £I) 

(no significant equation) 

Trinity-San Jacinto Estuary Shellfish Harvest = f (seasonal FINSJ EI) 
(no significant equation) 

Trinity-San Jacinto Estuary Shellfish Harvest = f (seasonal FINC d/) 
Significant Log Equation ((J. = 2.5%; r2 = 87%; S.E.Est. = ::!:. 1026.5) 

Hsf = 8965.7 -'- 2.43 (Q2) 

(1.01) 

+ 8.55 (Q3) + 1.33 (Q-2) 
(2.82) (0.46) 

- 12.16 (Q-3) 
(2.04) 

upper bounds 
upper bounds 

mean 

-0.00042 (Max Q_5)2 + 4.19 (Max Q2) - 0.00092 (Max Q2)2 

(0.00022) (0.00014) (1.34) 

Hsf Q2 Q3 Q-2 Q-3 (Max Q_5)2 
12,097. 7--2;962':0--79-8<-.""'"0--;;:2;962.0---798.0 -fO;349;089.0 
5,254.1 157.0 112.5 157.0 112.5 36,481.0 
8,592.6 1,165.8 334.6 1,168.3 351.3 1,382,120.8 

upper bounds 
lower bounds 

mean 

4,567.0 
198.0 

1,738.5 

20,857,489.0 
39,204.0 

4,795,652.8 

\\here: 

al 

b/ 
c/ 
:0/ 

Q 

= Inshore commercial shellfish harvest, in thousands of 
pounds; 

= mean monthly freshwater inflow, in thousands of acre-feet: 

Q1 = Jan.-Mar. 
Q2 = Apr.--,}un. 
Q3 = Jul.-Aug. 

Q4 = Sept.-oct. 
Q5 = Nov.-Dec. 
Q-n = 1-yr. antecedent 

seasonal inflow 
Max Qn = maximum monthly freshwater inflow during seasonal interval 

(On), in thousands of acre-feet. 
Standard error (+) of each regression coefficient is shown in parentheses 
beneath the coefficients of the regression equations 
FINTD = Freshwater inflow at Trinity Delta 
FINSJ = Freshwater inflow from San Jacinto River 
FINC = Combined freshwater inflow to the estuary from all contributing 

river and coastal drainage basins 
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Figure 8-1. Inshore Commercial Shellfish Harvest as a Function of Each 
Seasonal Inflow From Combined River and Coastal Drainage Basins, 

Where all Other Seasonal Inflow in the Multiple Regression 
Equation are Held Constant at Their Mean Values 
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of 157.0 thousand acre-feet per nonth to its observed upper rounds of al::out 
3.0 million acre-feet per nonth. Thus, the negative (-) sign on the regres­
sion coefficient (a2) for the Q2 inflow term in the equation is illus­
trated as a line of negative slope relating increasing spring season inflow to 
a decreasing estimate of annual harvest. It is noted that this line can be 
shifted upward or downward in a parallel manner fran that ~ich has been 
graphed by holding any of the other rorrelating seasonal inflow terms in the 
equation at specified levels of interest other than their mean observed. 
values. For instance, if the p:>sitively rorrelating July-August (Q3) inflow 
term is specified at some level lower than its mean of 334.6 thousand acre­
feet per nonth ~ile the other inflow terms in the equation remain at their 
mean observed values, then the estimated harvest response to April-June (Q2) 
inflow w::>uld be similar to that shown in Panel A (Figure 8-1) and w::>uld have 
the identical negative slope;. however, the o::J/IIputed line w::>uld be shifted 
downward and parallel to that ~ich is graphed. Analogous circumstances exist 
for each of the harvest responses illustrated, but to facilitate o::J/IIparisons 
only the seasonal inflow of interest in each panel graph is varied, ~ile all 
others in the equation are held ronstant at their respective mean values. 

Panel B (Figure 8-1) exhibits the positive response of shellfish harvest 
to summer season freshwater inflow from the same year as harvest. The esti­
mate of harvest increases 1.9 times (from al::out 6.7 to 12.5 million pounds 
annually) as the July-August (Q3) inflow increases fran its observed lower 
rounds of 112.5 thousand acre-feet per IlDnth to its observed upper bounds of 
798.0 thousand acre-feet per nonth. 

Panel C (Figure 8-1) shows another positive harvest response to fresh­
water inflow. In this case, the estimate of shellfish· harvest increases 1.5 
times (from al::out 7.2 to 11.0 million p:>unds cUmually)as the 1-year ante­
cedent April-June (Q2) inflow increases fran 157.0 thousand acre-feet per 
month to about 3.0 million acre-feet per IlDnth. Canparing Panel A to Panel C 
indicates that ~ile spring season inflow fran the same. year as harvest are 
negatively related to shellfish harvest, spring season inflow fran 1-year 
antecedent to harvest are positively related to shellfish harvest; however, 
the rombined effect of both inflow terms in the equation is negative since the 
negative regression coefficient is larger than the p:>sitive one. The dicho­
tomy in harvest response to spring season inflow is probably due to the ron­
tent of the multi-species fisheries =ponent for shellfish, since the 
component rontains species that may be greater affected by inflows during 
the same year as harvest (e.g., brown shrimp) and species that may be greater 
affected by inflows 1-year antecedent to harvest (e.g., bay oyster). 

Summer season inflow 1-year antecedent to harvest (Q-3) exhibits a 
strong negative relationship to shellfish harvest and the harvest estimate 
declines 72.7 percent (from about 11.5 to ··3.1 million p:>unds annually) as 
July-August inflow increases from 112.5 thousand acre-feet per nonth to 798.0 
thousand acre-feet per nonth (Panel D, Figure 8-1). Similar to the previous 
example, a CXl!lIparison of Panels B and D indicates differential responses of 
harvest to the timing of this season I s inflow. Again, a probable explanation 
for the estimated positive harvest response to inflow in the same year, and 
negative response to 1-year antecedent inflow in the same season, may be found 
in the multi-species =position of the shellfish fisheries o::J/IIponent ~ere 
divergent species responses to inflow appear (also see Table 8-16). 
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A slight negative relationship of shellfish harvest to the s:Juare of the 
l-year antecedent maximlUO llOnthly inflow in the late fall season (Max Q-5) 
suggests a negative effect of high inflow events (Le., floods) fran this 
season on harvest. Panel E (Figure 8-1) illustrates this effect as a 47 
percent decline in the estimate of harvest (fran about 9.1 to 4.8 million 
pounds annually) as the maximlUO llOnthly inflow in the November-December 
seasonal interval increases fran 191.0 thousand acre-feet to about 3.2 million 
acre-feet. 

Panel F (Figure 8-1) displays the effect of the last two inflow terms 
(Max Q2) and (Max Q2)2 in the shellfish harvest equation (Table 8-7). 
These are considered together because they both relate to the effect of maxi­
mlUO llOnthly inflow in the spring season on shellfish harvest. The effect is 
quadratic (Le., the highest p;:>wer of the variable is a s:Juare, thus (Max 
Q2)2 is a second degree term) and is illustrated as a convex curve with 
its maximlUO harvest estimate of about 10.5 million p;:>unds annuapy occurring 
at a maximlUO llOnthly spring· season inflow of about 2.3 million acre-feet. The 
computed relationship indicates that while llOderate allOunts of spring (April­
June) inflow are benef icial , high inflows appear detrimental to shellf ish 
canponent harvests. 

All Penaeid Shrimp 

Analysis of the inshore fisheries component for bay landings of all 
penaeidshrimp.(Le., white, brown, and pink shrimp) did not yieldany signi­
ficant relationships, However, analysis of the offshore penaeid shrimp har­
vest (Gulf Area No. 18) results in a highly significant (ex = 1.0%) multiple 
regression equation (Table 8-8), where harvest is expressed as a function of 
the offshore fishing· effort (Eo) and the seasonal freshwater inflows to 
Trinity San-Jacinto estuary from all contributing river and coastal drainage 
basins (FINC inflow category). The equation accounts for 87 percent of· the 
observed harvest variation and includes regression variables for winter, 
spring, and summer inflow, .as well as.for offshore fishing effort. 

The effect of each of the correlating terms in the highly significant 
equation is illustrated by using the previously discussed procedure of holding 
all other correlating terms in the equation constant at their respective mean 
values, while varying the term of interest over its observed range and comput­
ing the estimated harvest response (Figure 8-2). The estimate of offshore 
shrimp harvest is thus shown to decline 41.1 percent (fran about 12.0 to 7.0 
million pounds annually) as January-March (Ql) inflow increases fran its 
observed -lower bounds of 80.3 thousand acre-feet per llOnth to its observed 
upper bounds of about 2.0 million acre-feet per IIDnth (Panel A, Figure 8-2). 

Panel B (Figure 8-2) exhibits the negative relationship of harvest to 
spring season inflow. In this case, the estimate of offshore shrimp harvest 
declines 34.9 percent (from about 11.4 to 7.4 million p;:>unds annually) as 
April-June (Q2) inflow increases fran 157.0 thousand acre-feet per llOnth to 
about 3.0 million acre-feet per llOnth. 

The p;:>sitive effect of summer inflow is shown in Panel C (Figure 8-2), 
where the harvest estimate increases 1.4 times (fran about 8.9 to 12.6 million 
pounds annually) as July-August (Q3) inflow increases fran 112.5 thousand 
acre-feet per llOnth to about 1.2 million acre-feet per llOnth. 
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Table 8-8. Equations of Statistical significance Relating "the All Penaeid 
Shrimp Fisheries Component to Freshwater Inflow Categories 51 

"Trinity-San Jacinto Estuay:y All Shrimp Harvest = f (seasonal FINTD!?j) 
(no significant equation) 

Trinity-San Jacinto Estuay:y All Shrimp Harvest = f (seasonal FINSJ EI) 
(no significant equation) 

Trinity-San Jacinto All shrimp Harvest = f (seasonal FINC !¥) 
(no significant equation) 

Trinity-San Jacinto Estuay:y Offshore All Shrimp Harvest = f (seasonal 
FINC +Eo) 
Very Highly Significant Equation (C/.= 0.1%, r2 = 87%, S.E.Est. = 
;!:1,832.0) 

OHas = -1,484.3 - 2.57 (Ql) 

( 1. 06) 

- 1.42 (Q2) 

(0.63) 

+ 3.56 (Q3) 

(1.87) 

+ 2.46 (Eo) 

(0.31) 

upper bounds 
lower bounds 

mean 

Where: 
OH = as 

E = o 

Q = 

19,790.1 1,996.3 2,962.0 1,150.0 9,002.2 
4,930.6 80.3 157.0 112.5 3,763.7 

-=..9 L:.' 9:.:9;.::5.:... 3=--_...c8:.:3:.::8.:... 3=--" -.:,1 1..' 1:..:2:;::9.:... 9,,-" __ 4~1:.:7.:... =-3 _ 5, 60 1 • 4 

-------" ---------

offshore CXlITIIIercial penaeid shrimp harvest (Area #18), in 
thousands of p:>unds; 
offshore harvest effort (Area #18), in nllllDer of fishing 
trips; 
mean nonthly freshwater inflow, in thousands of acre-feet: 

Ql = Jan.-Mar. 
Q2 = Apr.-Jun. 
Q3 = Jul. -Aug. 

Q4 = Sept. --{let. 

Q5 = Nov. -Dec. 

51 Standard error (+) of each regression coefficient is shown in parentheses 
beneath the coefficients of the regression equations 

bl FINTD = Freshwater inflow at Trinity Delta 
(51 FINSJ = Freshwater inflow from San Jacinto River 
~ FINC = Combined freshwater inflow to the estuay:y from all contributing 

river and coastal drainage basins 
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Equation are Held Constant at Their Mean Values 
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As might be anticipated, fishing effort appears p:>sitively related to 
shrimp harvest (Panel D, Figure 8-2). Specifically, the estimate of harvest 
increases 3 • 3 times ( fran about 5.5 to 18.4 mill ion p:>unds annually) as 
fishing effort increases fran about 3.8 to 9.0 thousand fishing trips per year 
by shrimp vessels. 

White Shrimp 

AnalysiS of the inshore mite shrimp a:xnponent also did not yield any 
significant relationships. However, analysis of the offshore mite shrimp 
harvest (Gulf Area No. 18; catch at < 20 fathoms depth) gives a highly signi­
ficant (ct = 1.0%) equation (Table- 8-9) that explains 61 percent of the 
observed harvest variation as a function of offshore fishing effort (Eo) and 
spring, SllllU1ler, and autumn season freshwater inflows to the estuary from all 
contributing river and coastal drainage basins (FINC). 

The effect of spring season inflow is a:xnputed to be p:>sitive and the 
estimate of. offshore mite shrimp harvest increases 1.4 times (from about 2.5 
to 3.4 million pounds) as April--0une (Q2) inflow increases aver its observed 
range (Panel A, Figure 8-3). On the other hand, Panel B (Figure 8-3) shows 
the harvest estimate declining 35.1 percent (from about 3.1 to 2.0 million 
pounds annually) as July-August (Q3) inflow increases aver its. observed 
range. Another p:>sitive relationship of harvest to inflow is shown in Panel C 
(Figure 8-3), mere the harvest estimate increases 1.5 times (from about 2.5 
to 3.8 million pounds annually) as September-october (Q4) inflow increases 
from 85.0 thousand acre-feet per month to about 2.1 million acre-feet per 
month. Again, fishing effort (Eo) is p:>stivily related to harvest with the 
harvest estimate increasing 2.1 times (from about 2.0 to 4.2 million pounds 
annually) as effort increases from about 3.4 to 8.1 thousand fishing trips per 
year (Panel D, Figure 8-3). 

Brown and Pink Shrimp 

Analysis of the fisheries oomponent for brown and pink shrimp results in 
four significant regression equations (Table 8-10). The best significant 
equation (fourth equation, Table 8-10) accounts for 80 percent of the observed 
variation in offshore harvest (Gulf Area No. 18) and is very highly signifi­
cant ( ct = 0.1%) for correlation of harvest to fishing effort (Eo) and 
winter, spring, summer, and autumn season freshwater inflows to the estuary 
from all contributing river and coastal drainage basins (FINC). 

The effects of each of the variables in the best significant equation are 
shawn in Figure 8-4. A negative relationship of harvest to winter inflow is 
shawn in Panel A (Figure 8-4), mere the estimate' of harvest declines 44 per­
cent (from about 8.7 to 4.9 million pounds annually) as January-March (Ql) 
inflow increases aver its observed range. Panel B (Figure 8-4) also displays 
a negative relationship of harvest to spring season inflow. Here, the harvest 
estimate declines 56.4 percent (from about 8.9 to 3.9 million p:>unds annually). 
as April--0une (Q2) inflow increases aver its observed range. On the other 
hand, the estimate of harvest increases 1.9 times (fran about 5.6 to 10.9 
million pounds annually) as July-August (Q3) inflow increases aver its 
observed range (Panel C, Figure 8-4). Another negative relationship, in this 
case with autumn season inflow, is illustrated in Panel D (Figure 8-4), mere 
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Table 8-9. Equations of Statistical Significance Relating the Vl1ite Shrimp 
Fisheries Oomponent to Freshwater Inflow Categories s( 

----------------
Trinity-San Jacinto Estuary White Shrimp Harvest = f (seasonal FINTO 31) 

(no equation) 

Trinity-San Jacinto Estuary White Shrimp Harvest = f (seasonal FINSJ EI) 
(no equation) 

Trinity-San Jacinto Estuary White Shrimp Harve9t = f (seasonal FINC 9() 
. (no equation) 

Trinity-San Jacinto Estuary Offshore White Shrimp Harvest = f (seasonal FINC 
+Eo) . 
Highly Significant Equation (a= 1.0%, r2 = 61%, S.E. Est. = .:!:. 710.5) 

O~s =102.5 + 0.32 (Q2) 

(0.23) 

- 1.06 (Q3) 

(0.75) 

+ 0.63(Q4) 

(0.41) 

+ 0.47 (Eo) 

(0.13) 

O~ Q2 Q3 Q4 Eo 
upper bounds 
lower bounds 

mean 

4,893.6 '---2',-962.0 ---';-150.0-"2;'11.5·-----8","149.0 
1,372.6 157.0 112.5 85.0 3,445.2 

.::;2.<.' 7;..:9;.;;9..:; •. ;::2 __ -,-1.<., -,-,1 2",,9...: • .;,.9 ____ 4 17 • ~_ 532. ~ 5 , 213 • 0 

----_._---------_._-----------------------------_._------- ---
Where: 

OHws =. offshore corrmercial white shrimp harvest, « 20 fathoms, Area 
# 18 ), in thousands of p:>unds; -

Eo = offshore harvest effort « 20 fathoms, Area #18), in number of 
fishing trips; -

Q = mean monthly freshwater inflow, in thousands of acre-feet: 

Q1 = Jan.-Mar. 
Q2 = Apr.-Jun. 
Q3 = Jul. -Aug. 

Q4 = Sept.-oct. 
Q5 = Nov. -Dec. 

s( Standard error (+) of each regression coefficient is shown in parentheses 
beneath the coefficients of the regression equations 

b/ FINTD = Freshwater inflow at Trinity Delta 
c/ FINSJ = Freshwater inflow from San Jacinto River 
d/ FINC = Combined freshwater inflow to the. estuary fran all contributing 

river an~ 9Dastal drainage basins 
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Table 8-10. Bquations of Statistical Significance Relating the Brown and Pink 
Shrimp Fisheries Oomponent to Freshwater Inflow Categories a/ 

TrinitrSan Jacinto Estuary Brown and Pink Shrimp Ha~est = f (seasonal 
FIN'IDb/) . 

Significant Natural Log EqUation ( c;= 5.0%; r2 = 44%; S.E. Est. = + 0.4225) 

In,Hbps = 8.6836 - 0.4365 (In Q2) + 0.1?53 (In Q) 

upper bounds 
lower bounds 

mean 

(0.1461) (0.1221) 

In Hbps 

7.6256 
5.7295 
6.8526 

7.4487 
4.0553 
6.1312 

5.8985 
1,6094 
4.3296 

--------------------------------------------------. . 

Trinity-San Jacinto Estuary Brown and Pink Shrimp Harvest = f (seasonal 
FINSJc/) . 

Significant Natural Log Equation. ( a= 2.5%, r =:.64%, S:E. Est. = + 0.3685 

In Hbps ~ 7.9740 ~ 0.5585 (In Ql) 

(0.1552) 
+ 0.2653 (In Q5)' 

(0.1556) 
. , 

In. ~bps In Q1 

upper bounds 7.6256 5.9330 
lower bounds 5.7295 3.4563 

mean 6.8526 4.8498 

- 0.5740 (In Q3) + 0.6573 (In Q4) 

(0.4133) (0.2311) 

In Q3 

5.6595 
4.2268 
4.7077 

'lnQ 
" 4 

6.4077 
3.7842 
4.6592 

6.3483 
3.4012 
4.6256 

----------------------------------------.,-. 
Trinity-San Jacinto Estuary Brown and pink Shrimp Harvest = f (seasonal. 

FINed/) ; 
Significant Natural Log Equation ( c;= 5.0%, r = 61%, S.E. Est = + 0.3834) 

In Hbps '.:' 6.8224 - 0.4977 (In Q1) 

(0.1597) 
+ 0.3160 (In Q5) 

upper bounds 
lower bounds 

mean 

(0.1749) 

7.6256 
5.7295 
6.8526 

7.3000 
4.3858 
6.3280 

- 0.2995 (In Q3) 

(0.2060) 

+ 0.4955 (In Q4) 

(0.1618) 

·6.6821 
4.7230 
5.6339 

7.6552 
4.4427 
5.8689 

7.8665 
4.9053 
6.1993 

------------------------. -------------------
(continued) 
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Table 8-10. Equations of Statistical Significance Relating the Brown and pink 
Shrimp Fisheries Component to Freshwater Inflow Categories a/ 
(cont'd) -

Trinity-San Jacinto Estuary OffShore Brown and pink ShrliiP Harvest = f-----­
(seasonal FINC + Eo) 
Very Highly Significant Equation (Ct = 0.1%, r2 = 80%, S.E. Est. = 
2:2194.0) 

OHbps = -1836.6 - 1.99 (Ql) 

(1.40) 
- 1.79 (Q2) 

(0.75) 
+ 5.03 (Q3) 

(2.33) 

- 1.67 (Q4) 

( 1 .43) 

+ 2.05 (Eo) 

(0.38) 

OHbpS Q1 Q2 Q3 Q4 Eo 
-~-=----------------------------

upper bounds 
lower rounds 

mean 

--------. 
Where: 

17,740.1 
2,988.0 
7,181.0 

1996.3 
80.3 

838.3 

2962.0 
157.0 

1129.9 

1150.0 
112.5 
417.3 

2111.5 
85.0 

532.4 

9002.2 
3763.7 
5601.4 

In H = bps natural log, inshore carmercial brown and pink shrimp harvest, 
in thousands of pounds; 

OHbps = offshore rorrmercial brown and pink shrimp harvest (Area #18), in 
thousands of pounds; 

= offshore harvest effort (Area #18), in number of fishing trips; 
= mean monthly freshwater inflow, in thousands of acre-feet; 
= natural log of Q: 

Ql = Jan.-Mar. 
Q2 = Apr. -Jun. 
Q3 = Jul. ~Aug. 

Q4 = Sept.-oct. 
Q5 = Nov. -Dec. 

31 Standard error (+) of each regression coefficient is shown in parentheses 
beneath the coefficients of the regression equations 

b/ ·FINTD = Freshwater inflow at Trinity Delta 
c/ FINSJ = Freshwater inflow from San Jacinto River 
Y FINC = Combined freshwater inflow to the estuary fran all contributing 

river and coastal drainage basins 
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the harvest estimate declines 42.8 percent ,(from about 7.9 to 4.5 million 
pounds annually) in response to increasing September--october (Q4) inflow 
over its observed range. Similar to previous shrimp analyses, fishing effort 
(Eoj exhibits a strong positive relationship to harvest (Panel E, Figure 
8-4). Specifically, the increase in effort from about 3.8 to 9.0 thousand 
fishing trips per year results in the estimate of annual harvest increasing 
4.2 times (from about 3.4 to 14.1 million pounds). 

Blue Crab 

Analysis of the fisheries oornponent for blue crab bay landings yields a 
significant equation (Table 8-11) for harvest as a function of seasonal fresh­
water inflows to the estuary from all oontributing river andooastal drainage 
basins (FINC). The equation is statistically significant ( a. = 2;5%) for 
correlation of harvest to 1-year antecedent spring, summer, and autumn season 
inflows, and explains 58 percent of the observed harvest variation. The 
estimate of harvest is shown to increase 2.4 times (from about 1.1 to 2.5 
million pounds annually) as April--0une ,(Q2) inflow increases over its 
observed range (Panel A, Figure 8-5). Panel B (Figure 8-5) displays a strong 
decline (87.8 percent) of the estimated annual harvest (from about 2.3 million 
pounds to 282.3 thousands pounds) as July-August (Q3) inflow increases CNer 
its observed range. The positive relationship of harvest to autumn inflow 
results in the harvest 'estimate increasing 1.7 times (from about 1.4 to 2.4 
million pounds annually) in response to increasing September--october (Q4) 
inflow over its observed range (Panel C, Figure 8-5). 

~Oyster 

Analysis of the bay oyster fisheries component gives a significant 
equation for each of three inflow categories (Table 8-12). The best 
significant equation (seoond equation, Table 8-12) involves natural log (In) 
transformation of the regression variables, accounts for 79, percent of the 
observed harvest variation, and is highly significant ( a. = 0.5%) for 
correlation of harvest to 1-year antecedent winter, spring, sumner, and late 
fall season freshwater inflows to the estuary from San Jacinto River (FINSJ). 

The responses of harvest to each of the inflow variables in the best 
significant equation are computed similar to previous examples; however, the 
results are graphed in non~transformed units to show the curvilinearity of 
harvest responses (Figure 8-6). A weak negative response to winter inflow is 
illustrated in Panel A (Figure 8-6), where the estimate of annual harvest 
declines 32 percent (from about 3.1 to 2.1 million pounds of oyster meat) as 
January-March (Ql) inflow increases over its observed range. The estimate 
of annual harvest increases 1.7 times (from about 2.0 to 3.3 million pounds) 
in response to increasing April--0une (Q2) inflow over its observed range 
(Panel B, Figure 8-6). A strong negative response to increasing July-August 
(Q3) inflow over its observed range results in a 75.9.percent decline in the 
harvest estimate (from about 4.0 to 1.0 million pounds annually) and is shown 
in Panel C (Figure 8-6). Another negative, harvest response, in this case to 
late fall inflow, is exhibited in Panel D (Figure 8-6) where the estimated 
annual harvest decl ines 4 1 percent (from about 3. 1 to 1.8 mill ion pounds) as 
November-December (Q5) inflow increases over its observed range. 
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Table 8-11. Equations of Statistical Significance Relating the Blue Crab 
Fisheries Component to Freshwater Inflow Categories ~ . 

----------
Trinity-San Jacinto Estuary Blue Crab Harvest = f (seasonal FINTD £I) 

(no significant equation) 

Trinity-San Jacinto Estuary Blue Crab Harvest = f (seasonal FINSJ sf) 
(no significant equation) 

Trinity-San Jacinto Estuary Blue Crab Harvest = f (seasonal FINC d/) 
Significant Equation ( a = 2.5%, r2 = 58%, S.E. Est. = + 416.0) -

Hbc = 1773.4 + 0.52 (Q2) - 2.96 (Q3) + 0.49 (Q4) 

(0.16) (0.80) (0.27) 

Hbc Q2 Q
3 

Q
4 

upper oounds 2622:0 2962.0 798.0 2111.5 
lower oounds . 311.2 157.0 112.5 85.0 

mean 1606.4 1168.3 351.3 537.6 ----
-------- -----------~-----

where 

a/ 

bl 
cl 
~ 

Hbc = inshore commercial blue 
Q = mean monthly freshwater 

Q1 = Jan.-Mar. 
Q2 = Apr.~un. 
Q3 = Jul.-Aug. 

crab harvest, in thousands of p:>unds; 
inflow, in thousands of acre-feet: 

Q4 = Sept.;-Oct. 
Q5 = Nov. -Dec. 

Standard error (+) of each regression coefficient is shown in parentheses 
beneath the coefficients of the regression equations 
FINTD = Freshwater inflow at Trinity Delta 
FINSJ = Freshwater inflow from San Jacinto River 
FINC = Combined freshwater inflow to the estuary. from all contributing 

river and coastal drainage basins 
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Table 8-12. Equations of Statistical Significance Relating the Bay Oyster 
Fisheries Component to Freshwater Inflow Categories a/ 

----------
Trinity-San Jacinto Estuary Bay ~ster Harvest. = f (seasonal FINTD !?I) 
Significant Equation (a = 2.5%, r = 65%, S.E. Est. = + 833.1) 

H = 3618.7·- 0.69 (Q ) + 0.91 (Q ) - 3.68 (Q ) - 2.31 (Q ) 

bo (0.73) 1 (0.53) 2 (3.06). 3 (0.91) 4 

H Q Q Q Q 
bo 1 2 3 4 ---_._--_._--------_ ...... _-------- . 

upper bounds 4583.3 1350.3 1717.7 364.5 1061.0 
lower oounds 749.9 35.7 57.7 5.0 21.0 

mean 2825:4 565.6 716.0 135.0· 243.3 ---

Trinity-San Jacinto Estuary Bay Oyster Harvest = f (seasonal FINSJ c/) 
Highly Significant Natural Log Equation (a = 0.5%, r = 79%, S-:-E. Est. = 
~.3093) 

In H = 12.7429 - 0.1407 (In Q ) + 0.1873 (In Q ) - 0.9168 (In Q ) 

bo (0.1355) l' (0.1288) 2 (0.2434) 3 

- 0.1792 (In Q5) 
(0.1207) 

In H In Q In Q In Q In Q 
bo • __ ._1 __ ._._.~ _____ 3 ____ . ___ ~ 

upper bounds 8.4302 6.1979 6.6165 5.7792 6.3483 
lower bounds 6;6199 3.4563 3.9259 4.2268 3.4012 

mean 7.8246 5.0241 5.1949 4.7510 4.6256 

Trinity-San Jacinto Estuary Bay Oyster Harvest = F (seasonal FINC d/) 
Significant Equation (a= 2.5%, r2 = 69%, S.E. Est. =.:!:. 776.2) -

H = 4205.8 + 0.47 (Q ) - 3.41 (Q ) - 0.58 (Q ) - 0.62 (Q ) 

bo (0.31) 2 (1.51) 3 (0.60) 4 (0.42) 5 

H Q Q Q Q 
~ ____ 2 _____ .3 _______ 4 __ . __ .. ____ 5_ 

upper bounds 4583.3. 2962.0 798.0 2111.5 2608.5 
lower bounds 749.9 157.0 112.5 85.0 140.5 

mean 2825.4 1168.3 351.3 537.6 681.3 

--·--------------------------------(COntTnueciT 
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Table 8-12. Equations of Statistical Significance Relating the Bay Oyster 
Fisheries Component to Freshwater Inflow Categories a/ (cont'd) 

"-;. -

Where: 

21 
b/ 
c/ 
ij 

Hbo = ccmnercial bay oyster harvest, in thousands of pounds; 

In Hbo = natural log of Hbo; 

Q = mean I1Dnthly freshwater inflow, in thousands of acre-feet; 
In Q = natural log of Q: 

Q1 = Jan.-Mar. 
Q2 = Apr.-uun. 
Q3 = Jul.-Aug. 

Q4 = Sept. -oct. 
QS = Nov. -Dec. 

Standard error (+) of each regression coefficient is shown in parentheses 
beneath the coefficients of the regression equations 
FINTD = Freshwater inflow at Trinity Delta 
FINSJ = Freshwater inflow from San Jacinto River 
FINC = Combined freshwater inflow to the estuary from all contributing 

river and coastal drainage basins 
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Finfish 

Analysis of the multi-species fisheries canponent for bay landings of 
finfish results in two significant regression equations (Table 8-13). The 
best significant equation (second equation, Table 8-13) also involves loga­
rithmic (In) transformation of the regression variables, explains 51 percent 
of the observed harvest variation, and is significant ( Cl = 5.0%) for correla­
tion of harvest to 3-year average antecedent surrmer, autumn, and late fall 
season inflows to the estuary from San Jacinto River (FINSJ). 

Again, the effects of each of the correlating seasonal inflows are 
graphed in non-transformed units to show the curvilinearity of the estimated 
harvest responses (Figure 8-7). The negative relationship between harvest and 
summer inflow is illustrated in Panel A (Figure 8-7), \\here the harvest esti­
mate declines 97.3 percent (fran about 1.4 million to 36.7 thousand pounds 
annually) as July-August (Q3) inflow increases fran its lower to upper 
observed bounds. On the other hand, the estimate of annual harvest increases 
5.6 times (fran 117.3 to 651.3 thousand pounds) as September~tober (Q4) 
inflow increases over its observed range (Panel B, Figure 8-7). Another 
positive harvest response, in this case to late fall inflow, is shown in Panel 
C (Figure 8-7), \\here the annual harvest estimate increases 2.2 times (fran 
about 224.7 to .489.0 thousand pounds) as November-December (Q5) inflow 
increases over its observed range. 

~ted Seatrout 

Analysis of the spotted seatrout fisheries canponent yields a significant 
harvest equation for each of the three inflow categories (Table 8-14). The 
best significant equation (first equation, Table 8-14) accounts for 70 percent 
of the observed harvest variation and is highly significant ( Cl = 0.5%) for 
correlation of the bay landings to 3-year average antecedent winter, SUlTl11er, 
and autumn season inflows to the estuary at Trinity Delta (FINTO). 

The effects of each of the seasonal inflows in the best significant equa­
tion on spotted seat rout harvest are shown in Figure 8-8. The response to 
winter inflow is negative and the estimate of annual harvest declines 74.2 
percent (from about 257.6 to 66.5 thousand pounds) as January-March (Q1) 
inflow increases over its observed range (Panel A, Figure 8-8). Also, the 
annual harvest is estimated to decline 54.5 percent (fran about 229.3 to 104.3 
thousand pounds) as July-August (Q3) inflow increases over its observed 
range (Panel B, Figure 8-8). The positive response to autumn inflow results 
in the harVest estimate increasing 3.4 times (fran about 97.9 to 335.9 thou­
sand pounds annually) as September~ober (Q4) inflow increases over its 
observed range (Panel C, Figure 8-8). 

Red Drum 

Analysis of the red drum fisheries canponent also results in a signifi­
cant harvest equation for each of the three inflow categories (Table 8-15). 
The best significant equation (first equation, Table 8-15) explains 69 percent 
of the observed harvest variation and is significant (Cl = 5.0%) for correla­
tion of the bay landings to freshwater inflows at Trinity Delta (FINTO) fran 
all seasonal intervals (Q1 through Q5). 
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r?ble 8-13. Equations of Statistical Significance Relating the Finfish 
Fisheries Component to Freshwater Inflow Categories 51 

rr~rity-San Jacinto Estuary Finfish Harvest = f (seasonal FINTO b/) 
Sign,ificant Equation (Ct= 2.5%, r2 = 50%, S.E. Est. = ~ 114.6) -

Hff= 540.1 - 0.67 (Q1 ) + 0.71 , (Q4) 
(0.20) (0.25) 

Hff Q1 Q4 

upper bounds 635.1 912.2 581.7 
tower POu.nds 59.9 229.7 96.0 

!JleEgl 346.6 547.2 240.5 

--------~--------------------------------------------------------------------

Trinity-San Jacinto Estuary Finfish Harvest = f (seasonal FINSJ c/) 
Significant Natural Log Equation' «(1 = 5.P%, r2 = 51%,S.E. Est. ;;-

+'0.4721) , - ' 

In Hff = 11.3076 - 2.5766 (In Q3) + 0.9008(ln Q4) + 0.4976 (In Q5) 

(9. 8314 ) (0.4877) (0.3902) 

In Hff In Q3 In Q4 In Q5 

upper pounds 6.4538 5.6630 5.8046 5.8061 
lower bounds 4.0927 4.2556 3.9020 ,4.2437 

mean 5.7197 4.8412 4.9617 4.8561 

Trinity-San Jacinto Estuary Finfish Harvest = f (seasonal ,FINC 31) 
, (no significcmt equation) .. 

Where: 
Hff = ins~ore commercial finfish harvest, in thousands of pounds; 

In b.f~ : ~~~:;n~ q~:~t~ater inflow in thousands of acre-feet; . '. '-, . , .. Y ..• ,,>" ..... • _ ." ".,' " ,. ,.' .; •• 

In Q = natural log of Q: 

Q1 = Jan.-Mar. 
Q2 = Apr.-Jun~ 
Q3 = Jul~-A~g. 

Q4 = pept.-Qct. 
Q5 = !'/OV. -Dec. 

51 Standard error (+) of each regression roefficient is shown in P"Irentheses 
beneath the roefficients of the regression equations 

bl FINTO ='Freshwater inflow at Trinity Delta ' 
cl FINSJ'= Freshwater tnfiow from'San Jacinto River 
01 FINC = cOmbin~·freshwater'infiow to the estuary fran all contr~buting 

river arid 'ooastal' drainage basins ',' " ... ~ .. ,- . , . 
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Table 8-14. Equations of Statistical Significance Relating the SFQtted 
Seat rout Fisheries Oomponent to Freshwater Inflow Categories ~ 

Trinity-San Jacinto Estuary Seatrout Harvest = f (seasonal FINTD b/) 
Highly Significant Equation (a= 0.5%, r2 = 70%, S.E. Est. = + 5e1) 

Hss= 272.3 - 0.28 (Ql) - 0.50 (Q3)- + 0.49 (Q4) 
(0.11) (0.28) (0.11) 

Hss Q1 Q3 
Q4 " 

upper bounds 280.4 912.2 265.2 581.7 
lower bounds 17.0 229.7 15.3 96.0 

mean 165.8 547.2 136.4 240.5 

-------------------------------------------------" ----------------------------

Trinity-San Jacinto Estuary Seatrout Harvest = f (seasonal FINSJ- c/) 
Highly Significant Natural Log Equation Equation (a = 1.0%, r2 = 67%, S.E. 

Est. = 2: 0.4886) 

ln H = 12.0028 - 3.8511 (In Q3) ss 
(0.8606) 

ln Hss ln Q3 

upper bounds 5.6362 5.6630 
lower bounds 2.8332 4.2556 

mean 4.9221 4.8412 

----------------- -------

+ 1.2948 (lnQ4) + 1.0583 (ln Q5) 

(0.5048) (0.4039) 

ln Q4 ln Q5 

5.8046 5.8061 
3.9020 4.2437 
4.9617 4.8561 

-----------------------

Trinity-San Jacinto Estuary Seatrout Harvest = f (seasonal FINC d/) 
Significant Equation (a = 2.5%, r2 = 66%, S.E. Est. = :!:. 56.9) -

HSS = 281.2 - 0.23 (Q,) - 0.21 (Q3) + 0.15 (Q4) + 0.11 (Q5) 

(0.11) (0.15) (0.14) (0.11) 

Hss Q 1 Q 3 Q4 Q5 -----
upper bounds 280.4 1356.7 831.2 1127.2 1148.7 
lower bounds 17 .0 423.9 122.5 185.2 307.8 

mean 165.8 849.1 370.0 542.1 708.5 

(Continued) 
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Table 8-14. Equations of Statistical Significance Relating the Sl?otted 
Seatrout Fisheries Component to Freshwater Inflow Categories a/ 
(Coot'd) -

Where: 
Hss = inshore Commercial spotted seatrout harvest, in thousands of 

pounds; 
In Hss = natural log of Hss; 

Q = mean monthly freshwater 
In Q = natural log of Q: 

Q1 = Jan.~Mar. 
Q2 = Apr.-Jun. 
Q3 = Jul. -Aug • 

inflow, in thousands of acre-feet; 

Q4 = Sept.-oct. 
QS = No\/'. -Dec. 

~ Standard error (+) of each regression coefficient is shown in parentheses 
beneath the coefficients 'of the regression· equations 

b/ "FINTD = Freshwater inflow at Trinity Delta 
c/ FINSJ = Freshwater inflow from San Jacinto River 
d/ FINC = Combined freshwater inflow to the 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 sI 

---------
Trinity-San Jacinto Estuary Red Drum Harvest = f (seasonal FINTD b/) 
Significant Equation ( CI = 5.0%, r2 = 69%, S.E. Est. = + 17.6) -

H = rd 10.6 - 0.04 (Ql) + 0.04 (Q2) - 0.18 (Q3) + 0.10 (Q4) + 0.05 

(0.04) (0.01) (0.11) (0.07) (0.05 ) 

Hrd Q1 Q2 Q3 Q4 Q5 

(Q5) 

---,--_.-

upper bounds 97.5 912.2 1217.3 265.2 581.7 993.3 
lower bounds 1.3 229.7 196.4 15.3 96.0 173.7 

mean 36.3 547.2 682.9 136.4 240.5 456.6 

Trinity-San Jacinto Estuary Red Drum Harvest = f (seasonal FINSJ c/) 
Significant Equation ( CI = 5.0%, r2 = 59%, S.E. Est. = ~ 19.2) -

H = rd 38.5 + 0.09 (Q2) - 0.58 (Q3) + 0.15 (Q4) + 0.19 (Q5) 

(0.06) (0.18) (0.15) (0.14) 

~d Q2 Q3 Q4 Q5 ------- ----
upper bounds 97.5 420.0 288.0 331.8 332.3 
lower bounds 1.3 76.3 70.5 49.5 69.7 

mean 36.3 267.2 137.7 173.0 151.0 

Trinity-San Jacinto Estuary Red Drum Harvest = f (seasonal FINC d/) 
Highly Significant Equation ( CI = 1.0%, r! = 65%, S.E. Est. = + 17.0) 

H = rd 5.5 + 0.03 (Q2) - 0.12 (Q3) + 0.06 (Q5) 

(0.01) (0.04) (0.02) 

Hrd Q2 Q3 Q5 ---------
upper bounds 97.5 1896.0 831.2 1448.7 
lower bounds 1.3 336.5 122.5 307.8 

mean 36.3 1133.9 370.0 708.5 

(Continued) 
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Table 8-15. Equations of Statistical Significance Relating the Red Drum 
Fisheries Component to Freshwater Inflow Categories aj. (cont'd) 

--------------------- -------.--------
where: 

aj 

bl 
cl 
dl 

Hrd = inshore commercial red drum harvest, in thousands of pounds; 
Q = mean monthly freshwater inflow, in thousands of acre-feet: 

Q1 = Jan.-Mar. 
Q2 = Apr.--vun. 
Q3 = Jul.-Aug. 

Q4 =Sept.-oct. 
Q5 = Nov. -Dec. 

Standard error (+) of each regression coefficient is shown in parentheses 
beneath the coefficients of the regression equations 
FINTO = Freshwater inflow at Trinity Delta 
FINSJ = Freshwater inflow from San Jacinto River 
FINC = Combined freshwater inflow to the estuary fran all contributing 

river and coastal drainage basins 
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Harvest responses to seasonal inflows in the best significant equation 
are illustrated in Figure 8-9. Panel A (Figure 8-9) shows the estimate of 
annual harvest declining 53.4 percent (from about 51.1 to 23.8 thousand 
pounds) as January-March (Q1) inflow increases over its observed range. The 
positive response to spring season inflow results in the harvest estimate 
increasing 3.2 times (from about 18.9 to 59.7 thousand pounds annually) as 
April-.June (Q2) inflow increases over its observed range (Panel B, Figure 
8-9). Panel C (Figure 8-9) shows a strong negative relationship of sumner 
inflow to harvest and the estimate of harvest declines 74.8 percent (from 
alx>ut 60.2 to 15.2 thousand pounds annually) as July-August (Q3) inflow 
increases over its observed range. The estimate of annual harvest increases 
3.0 times (from about 23.9 to 72.5 thousand pounds) as September-october 
(Q4) inflow increases over its observed range, indicating' a positive 
response to autumn season inflow (Panel D, Figure 8-9). Panel E (F igure 8-9) 
exhibits another positive harvest response, in this case to late fall season 
inflow, and the' estimate of harvest increases 2.7 times (from about 24.2 to 
65.2 thousand pounds annually) as November-December (Q5) inflow increases 
over its observed range. 

Black Drum 

Analysis of the fisheries component for black drum did not result in any 
significant regression equations for harvest as a function of seasonal fresh­
water inflows to the estuary. 

Fisheries Component 'Summary 

The fisheries analysis involves ten 'fisheries components and three fresh­
water inflow source categories in the analytical design, allowing a maximum 30 
potentially significant equations. The analysis results in 19 equations of 
statistical significance. Although each of the three inflow categories can 
potentially produce ten significant equations, the analysis yields five equa­
tions with freshwater inflow at Trinity Delta (FIN'ID), five equations with 
freshwater inflow from San Jacinto River (FINSJ) , and nine equations with 
combined freshwater inflow to Trinity-San Jacinto estuary from all contribut­
ing river and coastal drinage basins (FINC). 

Seasonal inflow needs are similar for fisheries components when the signs 
(positive or negative) on the regression coefficients in the harvest equations 
are the same for a season of interest (Table 8-16). Therefore, the seasonal 
inflow needs of' the fisheries components 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 im­
pact on the estuary's fisheries, and by ecological implication, on the 
"health" of the ecosystem. 

Freshwater Inflow Effects 

Introduction 

The hydrologic importance of both tidal inlets and freshwater inflow for 
ecological preservation of estuaries has been recognized (154,317). Since the 
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Table 8-16. Positive (+) and Negative (-) Correlation of Fisheries Components to Seasonal Freshwater Inflow Categories 

Fisheries 

Winter 
Inflow 

Q1 

Spring -------Sumrer------Autumn ----- ---'L::a"te"'F'a-ll-

Inflow : Inflow Inflow Inflow 
Max Q2:(Max Q2)2: Q3 Q4 : QS : Max QS:(Max QS)2 

Canponen.t. ___ : (Jan.-Ma~L-,-_____ (~r.-Jun. L __ ~ (Jul.-Aug. L (Sept.-oct·L_~ ___ _ 

Shellfish 
FIN'ID a/ 
FINSJ b/ 
FINC 51 

Brown and 
Pink Shrimp 
FIN'ID 
FINSJ 
FINC 

Blue Crab 
FIN'ID 
FINSJ 
FINC 

Bay Oyster 
FIN'ID 
FINSJ 
FINC 

Finfish 
FIN'ID 
FINSJ 
FINC 

Spotted Seatrout 
FIN'ID 
FINSJ 
FINC 

RedDrlml 
FIN'ID 
FINSJ 
FINC 

+ 

+ 

+ 

+ 
+ 
+ 

+ 
+ 
+ 

+ 
+ 

+ 

+ 
+ 

+ 
+ 
+ 

+ 
+ 

+ 
+ 

+ 

+ 
+ 

+ 
+ 
+ 

Explained 
Variation 

r2 

Significance 
Level 

a 

-=-_..>..( %L __ : ____ (~L_ 

87 

44 
64 
61 

58 

65 
79 
69 

50 
51 

70 
67 
66 

69 
59 
65 

2.5 

5.0 
2.5 
5.0 

2.5 

2.5 
0.5 
2.5 

2.5 
5.0 

0.5 
1.0 
2.5 

5.0 
5.0 
1.0 

-----------------------------------------------------------------------------------------------------------------------------------------
(continued) 
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Table 8-16. Positive (+) and Negative (-) Correlation of Fisheries Oamponents to Seasonal Freshwater Inflow categories (cont'd) 

Fisheries 
Croponent 

All Shrimp d/ 
FINC -

White Shriirp e/ 
FINC -

Brown and 
Pink Shrimp f/ 
FINC -

Scrrrmary: 
FImD 

FINSJ 

FINC 

Winter 
Inflow 

Q1 Q2 
(Jan.-Mar.) _ 

+ 

(+)=0 (+)=2 
(-)=4 (-)=1 

(+)=0 (+)=2 
(-)=1 (-)=1 

(+)=0 (+)=4 
(-)=3 (-)=4 

Spring :--SLm1l1Eir 
Inflow : Inflow 

Max Q2:(Max Q2)2: Q3 
(Apr.-Jun.) (Jul.-Aug.) 

+ 

+ 

(+)=0 (+)=0 (+)=1 
(-)=0 (-)=0 (-)=3 

(+)=0 (+)=0 (+)=0 
(-)=0 (-)=0 (-)=S 

(+) 1 (+)=0 (+)=2 
(-)=0 (,.)=1 (-)=7 

Autumn 
Inflow 

-.--:~--- Late E'all-- Explained significance-
Inflow Variation Level 

Q4 : QS Max QS:(Max QS)2 r2 a 

( Sept. -<Jet ... L=.. (Nov.-Dec.) __ .2. __ ffi-_: ___ ...J.!) __ _ 

87 0.1 

+ 61 1 .0 

80 0.1 

(+)=3 (+)=1 (+)=0 (+)=0 
(-)=1 (-)=0 (-)=0 (-)=0 

(+)=4 (+)=4 (+)=0 (+)=0 
(-)=1 (-)=0 (-)=0 (-)=0 

(+)=4 (+)=3 (+)=0 (+)=0 
(-)=2 (-)=1 (-)=0 (-)=1 

ar- -FreShwateiTnrG<·afTrfnftY-5elta--- --.-------.-------------.----- . --.-- --- ----.-- ----- .. -- .. -- ------ ---- . "---.------- --- - -
b/ Freshwater inflow from San Jacinto River 
C! Combined freshwater inflow to estuary from all contributing river and coastal drainage basins 
d/ Offshore penaeid shrimp harvest (Area #18) 
e/ Offshore white shrimp harvest « 20 fathoms; Area #18) 
II Offshore brown and pink shriirp harvest (Area #18) 



diminution of freshwater inflow to an estuary can decrease nutrient cycling 
and also result in unfavorable salinity conditions, many scientists have 
pointed to the deleterious effects of reduction and/or alteration of an 
estuary's freshwater inflow regime (34, 193, 161, 158, 195). Consequently, 
the addition of supplemental freshwater inflow for purposes of; ecological 
maintenance and enhancing sea~ood production has been recammended for the Gulf 
estuaries of Texas (154, 373), Mississippi and Louisiana (65). 

Perhaps the most direct and most apparent effects of ,freshwater inflow 
occur as a result of manges associated with estuarine salinity conditions. 
In addition, the concentration of salts can interact with other environmental 
factors to stimulate species-specific biotic responses (3) which may, be 
reflected in physiological adaptation to the estuarine environment (138, 137, 
535, 536), in species distribution patterns and o::mmunity diversity (99, 94, 
72, 101, 24,,143), and ultimately in species evolution (134). Previous 
research emphasizing Texas estuarine-dependent species'has dealt with several 
aspects of the inflow/salinity relationship including environmental limits 
(358), tolerance ,to hypersaline waters (93, 111, 8), and rapid recovery of 
typical estuarine o::mmuni ty species at the end of a severe drought (120). In 
addition, salinity manges resulting frOm man's development of an estuary and 
its contributing river and coastal drainage basins have been reviewed relevant 
to many Texas estuarine-dependent species (97, 427), and their diseases and 
symbionts (197). 

While plants provide an estuary's primary production, IlDst secondary 
production COllIeS from the invertebrate bay faUna. For the invertebrates, 
inflow/ salinity effects have a demonstrated physiological basis (9, 388, 139', 
148, 386) and are effective at modifying species distribution (326, 342, 199). 
The brackish water clam (Rangia cuneata) has been suggested as an indicator of 
ecological effects associated with:5alinity manges because of its sensitivity 
(243); however, the focus of invertebrate management is generally on the 
economically important ,llDllusc (e,g., oyster) and crustacean (e.g., shrimp and 
crab) members of the invertebrate group (162). 

The Gulf of MexiCo shrimp fishery, is the itost valuable fishery in the 
Uni ted states ( 79) and the Gulf estuaries play a crucial role in the pro­
duction of this renewable resource (83, 144),. Canmercial shrimp species are 
from the crustacean family Penaeidae. White shrimp (Penaeus setiferus Lin­
naeus, 1767) and brown shrimp (P. 'aztecus Ives, 1891) predominate in Texas 
harvests, although the pink shrimp (P. duorarum Burkenroad, 1939) also occurs 
in small numbers. synopses' of species life history and biological information 
are available for the white shrimp (151), brown shrimp (28), pink shrimp (36), 
and other species in the genus Penaeus (502). Additional information espe­
cially important for management of this fishery resource CXll\es from research 
on shrimp spawning and early larval stages (433, 347, 367, 499), seasonal 
migration behavior '(422, 33', 294, 356), utilization of estuarine nursery 
habitats (89), and major environmental factors influencing species population 
dynamics and production (246, 104, 168, 167, 38, 157).. Species-specific 
responses to inflow/salinity conditions in the estuary are fundamentally phy­
siological (4, 13, 256,251,,146, 4,29), and therefore directly influence not 
only growth and survival of the postlarval shrimp (551, 552, 550, 534), but 
the distribution of the bay shrimp populations as well (354, 100, 329). 
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Results of the fisheries analysis (i.e., shellfish, all penaeid shrimp, 
white shrimp, and brown and pink -shrimp fisheries canponents) support the 
importance of freshwater inflow to -shrimp production and provide quantified 
data on the responses of inshore (bays o~ th~ Trinity-San Jacinto estuary) and 
offshore (Gulf Area No. 18) oomme~cial shrimp h~rvests to seasonal freshwater 
ipflow fluctuations. The equational harvest rrodels indicate particularly 
!,!otable seasonal dichotomies -in the harvest responses of different shrimp 
species to spring, surrmer, and aut1Jl!1n season inflows (Table 8-16). Although 
offshore white shrimp harvests are positively related- to spring inflow, 
negatively related to summer inflow, and positively related to autumn inflow, 
the offshore brown and pink shrimp harvests are related to each of these 
seasonal inflows in an opposite manner. In addition, offshore harvests of the 
all penaeid shrimp fisheries component and the brown and pink shrimp fisheries 
component are negatively related to winter inflow, while the Offshore white 
shrimp fisheries component gives no significant correlation to this season' s 
inflow. There are also differing responses between inshore and Offshore brown 
and pink shrimp harvests to surrmer and autumn inflow, In this case, inshore 
harvests are negatively related to summer inflow and positively related· to 
autumn inflow, while offshore harvests are just the reverse in their seasonal 
relationships to the combined freshwater infJ,ow category (FINC). However, 
inshore brown and pink shrimp harvests also appear positively" related to 
surrmer inflow at Trinity Delta (FIN'ID). Although the opposite responses to 
seasonal inflow between specie!> are potenti?tll y explainable by divergent 
aspects of their life histories and ecology, f?Uch as the timing of migration 
-into tj1e estuary and the timing of recrui~nt of maturing shrimp to their 
-'respective adult populations, the differing responses of inshore and offshore 
: harvests from the same species (i.e., brown and pink shrimp fisheries o::m­
ponent) are IIDre difficult to explain. It is possible, oowever, that ,an 
increase in a particular seasonal inflow may be locally detrimental to-shrimp 
harvests in the bays, while being beneficial to offshore harvests, if the 
inflow results in the larger sutradu;tt and adult shrimp leaving the bays for 
the offshore waters where they may be subsequently caught. Thus, the total 
shrimp production may not necessarily have cnanged, but the inshore-offshore 
distribution of the catch may be altered by environmental factors such as 
freshwater inflow during later seasons of the al'!I1ual growing cycle. , 

Blue Crab 

Another major crustacean fishery species is the estuarine-dependent blue 
crab (Callinectes sapidus Rathbun, 1896). Previous research has described 
blue crab taxOllDny (286, 327), life history (435, 285), migration behavior 
(333, 121, 294), and responses to environmental factors SUCh as salinity (223, 
37, 247, 145) and storm water runoff (150). Ej{cept for the strong negative 
relationship to surrmer inflow, the harvests responses are positive to inflows 
(FINC inflow category) during spring and autumn seasons (Table 8-16). Thus, 
high surrmer inflows and attendant low salinities appear detrimental to blue 
crab production in the estuary. 

Bay Oyster 

The American oyster (Crassostrea virginica Gmelin) is a IIDlluscan 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 IIDllusc) of current ccmnercial in-
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terest in the State. Because of man's historical interest in greater develop­
ment 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 (493, 539), as ~ll as geographic variation 
of its populations (15, 226). The effects of inflow/salinity are particularly 
inp:>rtant and have stimulated considerable research <XJVering a wide range of 
subjects including effects on oyster distribution (349, 166, 47), gameto­
genesis (developnent of viable eggs and sperm) and spawning (434, 14, 156,-
217), eggs and larvae (5, 45, 495, 497, 113), respiration (359, 533), free 
amino acids which are protein building blocks (170), and the effects on oyster 
reef growth and nortality (91, 339), abundance of faunal associates (91, 76, 
543) and reef diseases (254, 197). 

Previous studies have described the Texas oyster fishery (296) and the 
State's major oyster producing areas (513, 300, 488). Numerous oyster reefs 
have been inventoried in the Trinity-San Jacinto estuary (480) with the !lOst 
productive area, the Redfish Bar reef complex, located between Eagle Point and 
Smith Point in central Galveston Bay. However, extreme high inflows (e.g., 
flooding in the warmer seasons) can exert a rontrolling influence on the 
production of this and other oyster reef sites in the estuary. Indeed, the 
Texas Parks and Wildlife Commission closed the public reefs to oyster harvest 
at the beginning of the 1978 through 1979 oyster season and did not reopen the 
reefs until December 15, 1979 because of the scarcity of marketable oysters. 
Unfavorable salinity and temperature conditions for reproduction and survival 
in virtually all years between 1973 and 1979 (1978 is the exception with a 
good spat set) have resulted in low .abundances of oyster larvae reaching the 
crucial setting stage, and consequently in the severe decline of production on 
the public reefs. Better conditions in 1980 suggest p:Jtentially improved 
production for the 1980 and 1981 oyster harvest seasons. In addition, 
classified "polluted areas" are also closed to harvest 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. 
Currently, the oyster areas closed include a substantial portion of the 
estuary except for central Galveston Bay (Redfish Bar reef), the western 
portion of East Bay (Hanna reef), and nost of West Bay (Carancahua reef). 
However, private oyster leases are permitted in the estuary to trans locate 
oysters from closed waters to open waters, and following depuration of 
pollutant and disease agents, the oysters can be sent to market. 

Based on the equational harvest nodels, oyster harvest are positively 
related to spring season inflow and negatively related to sumner and autumn 
season inflows from all three freshwater inflow categories (Table 8-16). In 
addition, inflow during the late fall season (FINC inflow category) appears 
negatively related to harvest, as does inflow during the winter season (FINTO 
and FINSJ inflow categories). 

Finfish 

Estuaries playa vital functional role in the life cycle and production 
of nost coastal fish species (432, 131, 160, 290, 122). Environmental sen­
sitivity of the estuarine-dependent fishes has allowed the use of species 
diversity indices as indicators of pollution (334). Although migration does 
occur across the toundary between riverine and estuarine habitats by roth 
freshwater and estuarine-dependent marine fishes (192, 213), there is a pre­
dominance of young marine fishes found in this low salinity area (92). 
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In general, seasonal variations in estuarine fish abundance are related 
to life history and migrational behavior (98, 363, 362, 123, 333, 121, 294, 
299, 221, 328, 548). The primary effects of inflow/salinity are physiological 
(119, 124, 149), and are particularly important for the survival of the early 
life stages (118) and the metabolism (i. e., metabolic stresses) of adult bay 
populations (353, 357, 365, 321, 538), and juvenile rates of adaptability 
(323, 322). Low temperature extremes can also interact physiologically with 
salinity stress to produce dramatic fish mortality (86, 87, 90). 

Results from analysis of the multi-species finfish ccrnponent indicates 
that harvests are negatively related to winter (FIN'ID) and sumner (FINSJ) 
inflows, and positively related to autumn (FIN'ID and FINSJ) and late fall 
(FINSJ) inflows to the estuary (Table 8-16). 

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 (432, 252, 122). 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 (496). The greater restriction and 
estuarine-dependence of this species are reflected in its nearly exclusive 
utilization of estuarine habitats (82, 239, 73) and the increased genetic 
differences among populations in separate bays (542). Previous research has 
described spotted seatrout life history and seasonal abundance in Texas waters 
(436,363,280,281,362,123,121,294), and the effects of inflow/salinity 
on metabolism (i.e., metabolic stresses) as salt concentration varies from an 
optimum condition of about 20 ppt salinity (320, 321, 351, 538, 323, 322). 

Harvest responses to seasonal inflow are similar to those obtained in 
analysis of the multi-species finfish componerit. Thus, estimated harvest 
responses of the spotted seatrout component are negative to winter and sumner 
inflow, and positive to autumn and late fall inflow (Table 8-16). The nega­
tive relationship to sumner inflow and p:Jsitive relationship to autumn inflow 
are uniform among all three inflow categories (FIN'ID, FINSJ, and FINC); how­
ever, the negative relationship to wi~ter inflow only applies to FIN'ID and 
FINC inflow categories, ...nile the p:Jsitive relationship to late fall inflow 
only applies to FINSJ and FINC categories.· 

Red Drum· 

Another important sciaenid species is the red drum or redfish (Sciaenops 
ocellata Linnaeus). Prior studies have reported on the general biology, food 
items, and seasonal distribution cif the red drum (436, 363, 280, 281, 172, 
364,362,123,549,121,294, 122, 196). In addition, the effects of inflow/ 
salinity on the metabolism (i.e., metabolic stresses) of the species have been 
investigated as salt concentration varies from an optimum of about 25 ppt 
salinity (321, 538, 323, 322). Similar to results fran the finfish and 
spotted seatrout fisheries components, analysis of the red drum ccrnponent also 
shows negative harvest responses to winter and surmner inflows, and p:Jsitive 
responses to autumn and late fall inflows (Table 8-16). In addition, red drum 
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harvests are also positively related to spring season inflows. The negative 
responses to summer inflow and the positive responses to spring and late fall 
inflows are uniform am::mg all three inflow categories (FIN'ID, FINSJ, and 
FINC); however, the negative relationship to winter inflow is only significant 
for the FIN'ID inflow category, while the positive relationship to autumn 
inflow is significant for FIN'ID and FINSJ categories. 

Black Drum 

The black drum (J:~onias cremis Linnaeus) is also a sciaenid species of 
canmercial and recreatIOnal interest. The general biology and life history 
aspects, including migrations and seasonal distributions, have been reported 
previously (363, 122, 294, 436, 364, 362, 432). In crldition, the effects of 
inflow/salinity on the metabolism (i.e., metabolic stresses) of this broadly· 
tolerant species have been investigated as salt concentration varies frem an 
optimum of about 20-25 ppt salinity (321, 538). The sesonal importance of 
freshwater inflow to the species production and harvest was not dem::mstrated 
by the fisheries analysis and no significant harvest equations resulted; 
however, black drum harvests are included in the previously discussed seasonal 
inflow responses of the multi-species fisheries ccrnponent for finfish. 
Further, the high degree of uniformity in seasonal responses to inflow arong 
the finfish, spotted seatrout, and red drum fisheries- ccrnponents (Table 8-16) 
suggests that seasonal black drum inflow responses may be similar. 

Harvest ReSponses to Long-and Short-Term Inflow 

The analysis of inshore harvests spans the recent 1962 through 1976 
short-term. interval where nnre complete and ccrnpatible fisheries data exist. 
In addition, the offshore shrimp fisheries ccrnponents are similarly limited to 
a slightly expanded 1959 through 1976 short-term interval. However, long-term 
inflow data are available for the estuary frem 1941 to 1976 (See Chapter IV). 
Average (arithmetic and geometric mean) inflow conditions can be ccrnputed and 
a frequency analysis (i.e., Log-:Pearson Type III) of the long-term inflow data 
can yield information about the exceedance frequencies of seasonal inflow to 
the estuary, including the frequency (percent) at \\hich short-term average 
(arithmetic and geometric mean) inflow conditions were exceeded in the long­
term record (Table 8-17). Exceedance frequencies of the short-term seasonal 
inflows for the three freshwater inflow categories (i.e., FIN'ID, FINSJ, and 
FINC) vary both above and below the 50 percent frequency level; however, only 
five of 45 seasonal inflows are equal to or above this level. Since lower 
exceedance frequencies indicate higher inflow, the short-term data bases are 
indicated as generally "wetter" than the long-term tanporal median inflows. 

Although the central seasonal tendencies of the short-term record are 
given as average (arithmetic and gecrnetric mean) inflow conditions, the long­
term central tendencies are expressed by both average (arithmetic and geo­
metric mean) inflow conditions and the 50 percent exceedance frequency inflows 
which reflect the tanporal median inflows to the estuary frem the freshwater 
source categories (108). When short-term and long-term average inflow condi­
tions' as well as the long-term 50 percent frequency inflow conditions, are 
used separately as input to the previously developed fisheries regression 
equations, predicted harvest responses can be ccrnputed for ccrnparison (Table 
8-18). It is noted that substitution of the long-term average inflows in the 
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Table 8-17. Comparison of Short-Term and Long-Term Seasonal Inflow Volumes, Including Inflow Exceedance Frequencies 

Short-Term Mean Seasonal Inflow a/ Long-Term Seasonal Inflow b/ 
: ___ .. ____ ~th _IDng-Term Exceedance Frequencie~-=- _____ ___________________ =-___ _________ .. 

Freshwater : 01 : 02 03 :Arithmetic:Geanetric : : 

Inflow Category Mean Mean 10% EF 50% EF 
and Season : Inflow. (EF%.Lsi : __ Inflow J.EF%) ~ __ I_~lo~LE.~' • .2 __ : __ I.nflow -'-__ Infl'!W_,- Inflow Inflow -------.. ----- - . ----- - . 

FINTO 91 
Ql (Jan. - March) 1,451.8 (49) 1,634.3 (44) 1,521.8 (47) 1,845 1,267 4,155 1,287 
Q2 (April - June ) 2,175.3 ( 42) 2,034.7 (45) 1,731.2 (51) 2,478 1,693 5,691 1,707 
Q3 (July - Aug. ) 272.2 (50) 315.2 ( 45) 224.2 (54) 400 175 1,002 238 
Q4 (Sept. - Oct. ) 457.5 (39) 481.6 (37) 390.2 (44) 474 247 1,270 280 
Q5 (Nov. - Dec. ) 889.5 (32) 968.9 (29) 794.4 (36) 828 511 2,004 512 

Total 5,246.3 5;"434-:-7 4,"661.8 6,'025 -3;89"3 T4;1TI 4;024" 

FINSJ Y 
Ql (Jan. - March) 504.0 ( 48) 561.1 (43) 550.7 (44) 609 454 1,320 459 
Q2 (April - June 777 .6 (35) 818.3 (33) 703.9 (39) 768 508 1,716 513 
Q3 (July - Aug. 240.6 (41 ) 296.5 (31) 253.3 (39) 278 201 510 200 
Q4 (Sept. .- Oct. 288.0 (36) 340.3 ( 30) 285.7 ( 36) 326 186 708 184 
Q5 (Nov. - Dec. 281.5 (39) 342.5 (33) _2.52.-1 (42) 338 199 826 200 ----

Total 2,091.7 2,358.7 2,050.7 2,319 1,548 5,080 1,556 

FINC !I 
Ql (Jan. - March) 2,242.6 (51 ) 2,515.0 (46) 2,407.7 (48) 2,748 2,073 . 6,120 2,106 
Q2 (April - June 3,497.5 (41 ) 3,389.8 (42) 2,993.4. (48) 3,696 2,722 8,034 2,739 
Q3 (July - Aug. 669.1 (49 ) 834.7 (40) 663.8 (50) 898 659 1,882 658 
Q4 (Sept. - Oct. 976.0 (38) 1,064.8 (35) 920.0 (40) 1,050 674 2,434 676 
Q5 (Nov. - Dec. .!..362.7. (36) .h524 •6 (32) .!..}.~7~ (39) .ld72 ____ S.~l 3,236 898 

Total 8,747.9 9,328.9 8,242.6 9,764 7,019 21,706 7,077 

9/ Short-term inflow data bases, with seasonal volumes in thousands of acre-feet: 
Dl inflow from November 1961 to October 1976 used _in analysis of shellfish 
D2 inflow from January 1959 to December 1976 used in analysis of offshore penaeid shrimp 
D3 3-year running average inflow, natural log transformed, fran January 1959 to December 1975 used in analysis of 

finfish 
.!y Selected exceedance frequencies (Log-Pearson Type III) and their resfJ€ctive seasonal inflow volumes, in thousands of 

acre-feet, from the long-term historical·record (1941-1976) 
c/ Long-term exceedance frequencies, in percent, of the short-term rrean seasonal inflows 
d/ Freshwater inflow at Trinity Delta 
e/ Freshwater inflow from San Jacinto River 
!I Combined freshwater inflow from all contributing river and coastal drainage basins 

90% EF 
Inflow -----

378 
498 

28 
50 

128 
1,0"$2 

156 
150 
80 
48 
48 

482 

687 
915 
230 
186 
242 

2,260 
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Table 8-18. Estimated Average Harvest Resp.:mses from Fisheries Canp:ment Equations Using Soort-Tenn Mean Inflow, [Dng-Term Mean Inflow and 
Long-Term 50-Percent Exceedance Frequency Inflow. 

-------------c--------'T"'r~,~n~l.t~y-De~l~t~a~I~n~f"l~ow~~------------~--~--~s~a~n~J~a~c~in~t~o~R~i~v~e~r-I~n~fFl~ow~--------~-------,C~omb~-ined Estuary Inflow 

Fisheries 
Comp.:ment 

INSHORE: 

Brown and 
pink Shrimp 

Blue Crab 

Bay Oyster 

Finfish 

SI=Qtted 
Seatrout 

Red Drun 

OFFSHORE: 

White Shrimp 

Brown and 
pink Shrimp 

FIN'ID 5.1 FINSJ E! FINC sf 

Shoet Tern: Long-Term Long-Term :Short Term: [Dng Term [Dng Term Short-Term: Long-Term 
:Mean Inflow: Mean-Inflow :50%EF dl Inflow :Mean Inflow: Mean Inflow :50% EF Inflow :Mean Inflow: Mean-Inflow 
: Harveste/:Harvest (Shift) -fl : Harvest (Shift~--Harvest -:Harvest (Shift):Harvest (Shif"€f:Harvest -: Harve.sr-Tsi1Tft) 

946.3 890.0 

2825.4 2662.5 

346.6 296.3 

165.8 116.2 

36.3 27.4 

(-5.9) 941.8 (- 0.5) 

(-5.8) 3079.2 (+ 9.0) 

(-14.5) 

(-29.9) 

(-24.5) 

352.1 (+ 1.6) 

161.3 (- 2.7) 

21.6 (-40.5) 

946.3 

2501.4 

304.8 

137.3 

36.3 

831.5 (-12.1) 824.7 (-12.9) 

2822.0 (+12.8) 2838.0 (+13.5) 

329.4 (+ 8.1) 

145.6 (+ 6.0) 

37.5 ( +3.3) 

332.5 ( +9.1) 

147.9 (+ 7.7) 

28.7 (-20.9) 

946.3 

1606.4 

2825.4 

165.8 

36.3 

2799.2 

7181.0 

767.8 

1342.3 

(-18.9) 

(-16.4) 

2523.9. (-10.7) 

130.4 

29.7 

2801.7 

6999.9 

(-21.4) 

(-18.2) 

(+ 0.1) 

(- 2.5) 

Long Tel1l1 
50%EF Inflow 

:Harvest (Shift) 

764.9 (-19.2) 

1439.9 (-10.4) 

3038.6 (+ 7.5) 

150.7 (- 9.1) 

20.4 (--43.8) 

2709.0 (- 3.2) 

7705.4 (+ 7.3) 

Al""-l-::sTh",r,,,im~p'::cc==-;-;;,",,::;-;=====:--______________________________ 9",9"9",5,,,. 3,--~9,-,7-,,9,,0"-,.0'-_(L--,,2,-. 1) 1 0,365.8 (+·3.7) 
al Freshwater inflow Trinity Delta 
bl Freshwater inflow from San Jacinto River 
cl CCXTbined freshwater inflow fran all oontributing river and coastal drainage basins 
dl EF "" exceedance frequency; 50% EF reflects the tem[X)ral median inflCM to the estuary 
el Average harvest, in thousands of pounds 
11 Shift in percent increase (+) or decrease (-) of harvest 



fisheries equations involves using aritlunetic mean seaonal inflows as input to 
the linear equations and geometric mean seasonal inflows as input to ,the 
natural log (In) equations. 

There are 13 positive and 23 negative shifts of the harvest estimates 
from exercise of the equational rrodels. Long-term mean inflows are associated 
with five positive and 13 negative shifts of the harvest estimates, when c0m­

pared to the fisheries harvest levels resulting fran the observed short-term 
interval, and there are eight positive and ten negative harvest shifts in 
response to long-term 50 percent exceedance frequency (EF) inflows. The 
harvest shifts are variable arrong the fisheries canponents and range fran an 
estimated +13.5 percent shift of oyster harvest in response to 50 EF inflows 
(FINSJ inflow category), to an estimated -43.8 percent shift of red drum 
harvest in response to 50 percent EF inflows (FINC). The results reflect not 
only differences in inflow quantity, but also differences in the seasonal 
distributions of inflow from the freshwater oource categories. In addition, 
they suggest that fisheries harvests based on the long-term mean inflows would 

, be lower overall because of the greater number of asoociated negative harvest 
shifts; however, long-term 50 percent EF inflows appear notably beneficial to 
inshore oyster and finfish canponents, and offshore all shrimp and brown and 
pink shrimp canponents. 

While management policies could favor the specific seasonal inflow needs 
of preferred fisheries canponents, it is in reality difficult and in many 
cases impossible to maximize the harvests fran nore than one fisheries arn­
ponent at the same time because of arnpetitive seasonal inflow needs arrong the 
species. Nevertheless, management scenarios for inflow can be developed that 
predict good harvest levels from several of the fisheries arnponents simul-
taneously (see Chapter IX). ' 

Surrmary 

Virtually all of the Gulf fisheries species are estuarine-dependent. 
Ccmnercial inshore harvests (1962-1976) fran bays of the Trinity-San Jacinto 
estuary rank first in shellfish and fourth in finfish of eight major Texas 
estuarine areas. In addition, the Sport or recreational finfish harvest has 
been estimated at six times larger than the o:rnmercial finfish harvest in the 
estuary. For the 1972 through 1976 interval, the average annual sport and 
ccmnercial harvest of fish and shellfish dependent upon the estuary is esti­
mated at 46.7 million'pounds (21.2 million kg; 87 percent shellfish). 

Although a large portion of the fisheries production fran each Texas 
estuary is harvested offshore in collective association with fisheries pro­
duction from' other regional estuaries, inshore bay harvests are useful as 
relative indicators of the year to year variations in an estuary's surplus 
production (i.e., that portion available for harvest). These variations are 
affected by the seasonal quantities and oources of freshwater inflow to an 
estuary through eoological interactions involving salinity, nutrients, food 
(prey) production, and habitat availability. The effects of freshwater inflow 
on the Trinity-San Jacinto estuary are also reflected in the offshore harvests 
of the penaeid shrimp fishery. Therefore, the fisheries species can be viewed 
as integrators of their environment's conditions and their harvests used as 
relative ecological indicators, insofar as they reflect the general pro­
ductivity and "health" of the estuarine ecosystem. 
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A time series analysis of the a:xnmercial bay fisheries landings (1962 
through 1976) and the a:xnmercial offshore penaeid,shrimp harvests (Gulf Area 
No. 18, 1959 through 1976) produces 19 ,statistical equations: thaL estimate 
harvest as a function of seasonal freshwater inflows to the estuary. ,These 
equational l!Ddels provide numerical estimates of the effects of variable 
seasOnal inflows, contributed' fran the major' freshwater sources,' on the 
production of seafood, organisms dependent' on the estuarine ecosystem. The 
analysis also supports' existing ,scientific information on the seasonal 
importance of freshwater inflow to the estuary. 

All ,significant inshore cand offshore harvest responses to winter 
,(January-March) inflow are estimated to, be negative for increased' inflow in 
this season. with, exception 'of the inshore 'brown arld pink shrimp canponent' s 
positive response to Trinity Delta sumner,' inflow (FIN'ID inflow category)" all 

.other significant inshore harvest responses 'are estimated to relate' negatively 
to increased summer (July-August) inflow.. Offshore all shrimp and brown, and 

c pink shrimp fisheries components also' relate positively to increased sumner 
inflow, ,but negatively 'to increased spring (April-June) inflow. However, 
offshore .mite shrimp and inshore red drum, oyster and blue' crab harvests 
relate positively to increased spring season inflow. Significant harvest 

. responses to increased autumn (September-Clctober) ;inflow are all positive, 
except for the negative responses of the oyster and offshore brown and ,pink 
shrimp fisheries components. Increased late fall (November-December) inflow 

'relates positively. to several fisheries components (e.g., finfish, spotted 
,seatrout, and red drum), but <gain is negatively related to oyster harvest. 

Where the estimated seasonal infl~w needs of the fisheries cOmPonents are 
similar" the components reinforce each other; however, ,mere canponents 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 canponent. A dloice could be made on the 
basis of .mich species' production is more ecologically dlaracteristic and/or 
econanically :important to the estuary. Whatever the decision, a freshwater 
inflow management regime can only provide an cpportunity for the estuary to be 
viable and productive because, there, are no guarantees for estuarineproouctiv­

- i ty based on inflow alone, since mariy other biot ic and abiot ic factors are 
.capable of influencing this' production. However, most of these other factors 
are largely, beyond human ,control, .mereas freshwater inflows ,can be restricted 
by man's activities so .that fish' and wildlife resources are a::lversely af­
fected. 

, . 

, ' 
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rnAPl.'ERIX 

ESTIMATED FRESHWATER 
INFI.OO NEEDS 

Introduction 

In previous chapters, the various physical, chemical and biological 
factors affecting the Trinity-San Jacinto estuary have been discussed. 'I1lere 
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 the purpose of establishing estimates of the estuary's fresh­
water inflow needs, based upon historical data. 

Methodology for Estimating Selected Impacts of Freshwater Inflow 
Upon Estuarine Productivity 

The response of an estuary to freshwater inflow is subject' 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 freshwater 
and sal ine water, ( 4) water qual i ty data, (5) aquatic food chain data, and (6) 
terrestrial and aquatic geomorphic data of the estuary and the surrounding 
coastal area. 

In this section data and results of previous sections, including (1) 
statistical analysis of relationships among freshwater inflow, commercial 
fishery harvest, and estuarine salinity;· (2) estimates of marsh freshwater 
inundation needs; (3) estimates of nutrient exchange; arid (4) records of 
historical freshwater inflow, are used in an Estuarine Linear Programming (LP) 
Model to compute estimates of the monthly freshwater inflows needed to achieve 
specified objectives. 'I1le tidal hydrodynamic and salinity transport models 
are then applied to comPute salinity levels and circulation patterns through­
out the estuary for a set of computed freshwater inflow needs. 

Application of the Methodology to Oompute Estimates of 
Freshwater Inflow Levels Needed to Meet Selected Objectives 

The schematic indicated in Figure 9-1 shows the sequence of steps 
utilized in computing the freshwater inflow needs to achieve specified objec­
tives as expressed in terms of salinity, marsh inundation, and productivity. 
The six data bases developed for the Trinity-San Jacinto estuary provide the 
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fUndamental information of the system. These data were used in previous 
sections of these analyses. The relationships and results are incorporated 
into the Estuarine Linear Programming Model to oampute estimates of effects of 
various levels of !lOnthly freshwater inflows upon salinity, marsh inundation 
and fisheries harvests in the estuary. This model uses an optimization 'tech­
nique to select the optimal or "best" !lOnthly inflows for the objective speci­
fied. The estimated !lOnthly 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 the estuary be 
unsatisfactorily high or low, then the freshwater inflow estimates w::>uld 
require appropriate modification. This revision of the estimates (indicated 
by the dashed line in Figure 9-1) would necessitate a recomputation of the 
freshwater need by the Estuarine Linear Programming Model under a modified set 
of contraints. 

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 Linear Programming Model are presented in this chapter. 
-'.. . . . . . 

Salinity Bounds for Fish and Shellfish ~i~ 

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 fisheries species has been tabulated from the scientific' literature 
and Texas Department of Water Resources research data (Table 9-1). The opti­
mum condition for !lOst of these species lies between 25 percent and 75' percent 
seawater (8.8-26.3 ppt). Young fish and shellfish o::mrronly utilize estuarine 
"nursery" habitats that are below 50 percent seawater (less than 17.5 ppt), 
while adults seem to prefer salinities slightly higher than 50 percent sea­
water. In general, and within the tolerance limits, it is the season, not 
salinity ~ se, that is !lOre important because of life 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 production are o::mrronly re­
stricted to a substantially narrower range of salinity than are simple survi-
val needs. . 

Data on salinity effects, o:xnbined with life cycle information, were 
utilized to provide seasonal bounds on estuarine salinity within ~ich fish 
and shellfish can survive, grow, and maintain viable populations (Table 9-2). 
Since universal consensus is not evident for precise viability salinity 
limits, the !lOnthly salinity bounds were established subjectively based upon 
the results available from scientific literature (Table 9-1). It is important 
to note that these limits are site specific and adjusted to tw::> control points' 
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Table 9-2. Salinity Characteristics of Upper Galveston Bay and Upper Trinity 
Bay 

Month 

January 

February 

March 

April 

May 

June 

July 

August 

September 

October 

November 

December 

Salfrlity in -­
Upper Trinity Bay a/ 

(ppt) -

Salinity Tii--·--, -----­
Upper'Galveston Bay b/ 

(ppt) -

Upper £T:U::tviirE!= Median --i-uppe=r~c;'-~"'Lowe=::--i: -cc:-;r---;Median---
Viability Viability: Historic Viability Viability Historic 

Limit Limit Salinity Limit Limit Salinity 

20 

20 

20 

15 

15 

15 

20 

20 

15 

15 

20 

20 

10 

10 

10 

5 

1 

1 

10 

10 

5 

5 

10 

10 

5 

4 

4 

4 

4 

3 

5 

11 

13 

12 

11 

7 

30 

30 

25 

20 

20 

20 

25 

25 

20 

20 

30 

30 

10 

10 

10 

5 

5 

5 

10 

10 

5 

5 

10 

10 

13 

13 

14 

14 

12 

13 

17 

16 

17 

18 

21 

15 

ar-RepresentedbY-samplfii:l sfte -llOOlinesite23()(Frgure3-9)------- -----­
b/ Represented by statewide monitoring network station 1005.1, Morgan's Point. 
- (Figure 3-9) 
51 These values estimate the limits of long-term viable species activity at 

control points in the estuaries, and not individual organism survival limits 
(Table 9-1) 
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in the estuary below the "Null Zone" .v: ( 1) in upper Galveston Bay at 
Morgan's Point, and (2) in upper Trinity Bay near the Trinity River delta . 
. The·limits are. expressed- as mean (average) IlDnthly salinities for .general 
limits of viability. From· both locations, salinities generally increase 
towards the Gulf inlets (Bolivar Pass and San Luis Pass) and eventual~y attain 
seawater concentration (35 ppt). The salinity gradient in the estuary is thus 
steeper during seasons of higher inflow (e.g., the .spring) and ~ess distinct 
during seasonal low inflow (e.g., the summer). Moreover, ,the estuarine­
dependent species have adapted their life cycles to· the ·natural freshwater, 
inflow regime and are today productively associated. with local and State 
economies. 

Although the fisheries species can generally tolerate salinities-9reater' 
or less than the IlDnthly specified viability range, foraging for food and 
production of body tissue (growth) becomes increasingly IlDre difficult· under 
'extreme salinities, and may eventually cease altogether because body mainte­
nance requirements consume an increasing arrount of an organism's, available 
energy under unfavorable conditions. High IlDrtality ,and low production are 
expected during prolonged extremes of primary environmental factors such as 
·salinity and temperature. 

'Monthly Salinity Conditions 

The salinities within an estuarine system fluctuate with variations in 
freshwater inflow. During periods of flood or drought, salinity regimes nay 
be so altered from normal conditions that IlDtile. species canrronly residing in 
an estuary may migrate to other areas I>here the environmental conditions 'are 
more sui table. Generally, however, 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 rranmade 
causes, the diversity, distribution, and productivity of species within· .. an 
estuary will be depressed • 

. , . 
The median IlDnthly salinity is a measure of the normal IlDnthly salinity 

condition of the estuary. The median IlDnthly salinity is that value for I>hich 
one-half of the observed average IlDnthly salinities exceed the value and one­
half are less. The median IlDnthly salinity thus reflects an . "expected'! 
salinity in the estuary 'and represents a numerical value exceeded 50 percent 

'of the' time. Median historic salinities have been cx.mputed,· for the two 
locations in upper Galveston and Trinity Bays (Table 9-2) for I>hich the 
salinity regression equations were developed in Chapter V. 

Marsh Inundation Needs 

The periOdic inundation of deltaic marshes serves to maintain shallow 
protected habitats for post larval and juvenile stages' of several irnJX>rtant 

1;- Nulf-Zone: The general area' I>here the net landward flow creates the 
- phenomenon of landward and seaward density currents being equal but cp-

posite ,in effect. . The nullification of net bottom flows in this area 
allows suspended materials to accumulate and has also been termed the 
entrapnent zone, the critical area, the turbidity maxima, the nutrient 
trap, and the sediment trap (109, 7). 

( 
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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. 

Historically, the discharge rates of Texas rivers have fluctuated on a 
seasonal basis. Monthly freshwater inflows usually peak in the spring and 
early fall, reflecting the increased rainfall and surface runoff that normally 
occur during these' months. The cyclic periods of high and low freshwater 
discharge have influenced the life history of estuarine-dependent organisms, 
especially the early life stages \\hich are dependent upon marsh inundation and 
nutrient processes for biological productivity. 

Two river deltas of the Trinity-San Jacinto estuary (the San Jacinto and 
Trinity River deltas) are periodically inundated.lI The Trinity delta 
is subject to periodic inundation by freshwater due to discharge fran the 
Trinity River system. The areal extent of deltaic inundation is a function of 
wind, tide, and discharge rate and volume. If high tides are present, the 
area of delta inundated by a given peak flood discharge is greater than that 
occurring with normal or low tides. The San Jacinto River delta is much 
smaller in areal extent than the Trinity delta, and was not considered of 
sufficiently significant area to warrant extensive analysis of its inundation 
characteristics. 

To formulate a water management program that incorporates deltaic inun­
dation as an objective, it is necessary to determine both the frequency and 
magnitude of historical flood events for the Trinity delta. If \\hat has 
happened naturally :iri the past has been sufficient to maintain the prO­
ductivity of the estuary, incorporation of historical patterns into a manage­
ment plan will most likely provide inundation sufficient to maintain 
productivity in the future. 

Historical deltaic inundation was canputed through the use of a hydro­
dynamic rrodel for Trinity delta (62, 61). A series of peak discharges ranging 
from 10,000 to 35,000 ft3/sec (283 to 991 m3/sec) for low and high tidal 
regimes were used in the analysis and the areal extent of deltaic inundation 
was canputed for each tide/discharge combination. With low tides (-D.9 feet 
to 0.8 feet above MSL), a peak discharge of 20,000 ft3jsec (566 m3/sec) 
would be sufficient to begin inundation of the delta. During high tides 
(range 0.6 feet to 2.4 feet above MSL), the rrodel predicted that a 20,000 
ft3/sec (566 m3/sec) peak discharge from the Trinity River loOuld result in 
inundation of 44 percent of the delta. Since historical tide stages are un­
known for a large portion of the period of record, a daily peak discharge of 
20,000, ft3/sec (566 m3/sec) or greater was selected as a potential inunda­
tion event. 

17--Delfa--rc-Inundation is defined as sutmergence of a portion of the river 
,- delta by water to a depth of at least 0.5 feet for a period not less than 

48 hours. These values are based upon TDWR supported research (310, 311). 
Studies indicate that maximum rates of nutrient release from the sediment 
of a discrete inundation event, following a prolonged period of emergence 
drying. 
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Daily gaged discharge data for the period of record (1924-1977) were 
examined to arrive at IlDnthly and seasonal distributions of discharge events 
with daily peak flows of .20,000 ft3/sec (566 m3/sec)or greater (Table 
9-3). It was apparent that IlDre inundation events have occurred in the spring 
months of March, April, and May than during any other seasonal period. The 
data suggest that inundation events in the Trinity delta have occurred IlDre 
often in the winter and spring than in the sumner and fall. According to the 
biological evidence, spring inundation events are necessary for (1) adequate 
physical wetting of the marsh plant COImlunities, (2) nutrient exchange and 
biogeochemical cycling of carbon, nitrogen and {i1osphorus, (3) transport of 
detrital food materials, and (4) reduction of salinity to suit the needs of 
juvenile, estuarine-dependent organisms utilizing the "nursery" habitats of 
the marsh and adjacent shallow water areas. In the tropical-storm dominated 
fall season, less frequent inundation events occur, however, maintenance 
benefits are still provided to the estuary and dependent· species such as the 
redfish. 

If historical inundation events (peak daily flows greater than 20,000 
ft3/sec or 566 m3/sec) are grouped into those that occur in spring (March, 
April, and May), those that occur in the winter (December, January and 
February), and the total that occurs during the year, it is evident that an 
average of three inundation events have occurred per year in the Trinity delta 
over the period of record (Table 9-4). In order to maintain the historical 
inundation frequency, the Trinity River delta \'Puld need to receive three 
flood events per year with flows greater than 20,000 ft3/sec (566 m3jsec) 
in half of the years in any period. 

Ideally, inundation events should occur at times \\hich \'Puld provide the 
most benefit to estuarine organisms. The importance of at least one spring 
and one fall event has been discussed previously, therefore, flood events are 
specified for May and October. Since low salinities and shallow habitat (for 
protection of the young) are primary requisites during the spring,· any inun­
dation events occurring during this period will provide the greatest benefit 
to the organisms. '!herefore, the third inundation event is specified for 
April and is expected to extend favorable habitat conditions for larval and 
juvenile stages of many estuarine-dependent organisms. 

The median daily peak discharge for flood events (peak flows g:r:eater than 
20,000 ft3/sec) over the period of record has been 29,500 ft3/sec (835 
m3/sec). '!he Trinity delta hydrodynamic model canputed a delta inundation 
volume of 750,000 acre-feet (921 million m3), for this peak discharge of 
29,500 ft3/sec. The percent of marsh inundated will vary with wind direc­
tion and tide stage. With a low tide (range -0.9 feet to 0.8 feet above MSL) 
and a peak discharge of the magnitude mentioned above, the model· predicts that 
'about 21 percent (Figure 5-46) of the delta area will be inundated to a depth 
of at least 0.5 feet for a minimum of 48 hours. Under a "high tide" (range 
0.6 to 2.4 feet above MSL) similar peak discharges will result in inundation 
of 98 percent of the Trinity delta. 

Estuarine Linear Programming Model Description 

The combination of specified objectives and environmental and physical 
constraints relating the interactions of freshwater inflows with selected 
estuarine indicators is termed the Estuarine Linear Programming Model. The 
model relates the conditions of the estuary, in terms of a specified criteria, 
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Table 9-3. Peak Gaged Discharges for Discrete Flood Events Greater than 20,000 ft3jsec in the Trini.ty 
River at Romayor, 1924-1977 

----.-.-:------:------ --:-------:----:------:-----:------:-------:-'-r 
Jan. Feb. : Mar. Apr. May Jun. : Jul. Aug. Sep. Oct. Nov. Dec. 

--
ft3jsec 

59,300 50,800 47,700 104,000 107,000 94,200 44,100 33,500 40,200 49,000 60,800 46,600 
48,100 48,800 47,000 52,200 93,000 57,700 36,300 20,000 26,800 45,300 52,400 40,200 
37,700 47,000 44,100 50,600 69,000 49,400 22,700 25,100 31 ,100 51,200 38,700 
36,500 45,800 41,300 46,600 66,800 48,700 28,500 46,600 35,100 
36,400 41,700 39,000 43,800 66,200· 40,600 23,000 45,600 27,400 
32,600 34,500 37,800 41,800 61,600 33,200 42,200 26,300 
30,500 29,800 37,600 41,500 58,200 27,300 33,500 25,200 
28,800 28,900 34,700 40,600 51,500 26,300 30,800 24,000 
28,400 28,500 33,600 40,400 48,000 25,600 21,200 23,800 

H 28,000 27,700 30,900 39,700 47,200 23,400 23,500 
>: 26,500 27,400 30,700 33,000 46,600 22,500 23,200 I 

0 24,600 27,000 27,200," 32,400 45,200 22,300 
24,200 26,600 26,800 31,600 42,400 22,200 
23,800 25,700 26,000 29,000 40,000 21,200 
23,200 25,200 25,000 27,400 37,600 20,100 
22,200 24,300 24,000 26,800 37,200 20,000 
21,800 24,000 24,000 24,700 35,800 
20,800 22,500 23,800 21,700 35,100 
20,500 21,600 21,600 21,300 28,500 
20,100 21,600 21,300 20,200 26,400 
20,000 21,200 21,000 19,600 25,900 

21,000 21,000 25,500 
20,300 24,400 

23,000 
22,800 
22,700 
21,400 
20,800 

Mediarl-peak!I<XX1'-d'fSa1arge~29,5'1JIT -ffJ'lsec------c-- ---~-----------,-" ------------ ----------



Table 9-4. Frequency of Annual and Seasonal Flood Events with Peak Daily 
Gaged t:lows Greater than 20,000 ft3/sec in the Trinity River 
Delta, 1924-1977 

---~ ------------------
Nt.nnbei of Occurrences over Pericrl of Record 

--------. --------~----.- -Nt.nnber of 
Events per 

Period 
winter 

(December-February) 
Spring 

(March-May) . . . . . . 
Total 
Annual 

----_._----------------------------------------------
(x) Freq.(f)a/ f*x !?! Freq. (f) (*x Freq. (f) f*x 

0 21 0 16 0 0 

17. 17 14 14 7 7 

2 7 14 15 30 7 14 

3 8 4 8 24 5 15 

4 4 4 5 20 

5 3 15 

6 3 18 

7 3 21 

8 1 8 

.9 1 9 

10 0 0 

11 11 

-------- ------
l:f*x 59 72 164 

Nt.nnber of Years = 54 

Mean Nt.nnber Inundation 
events per year 1. 1 1.4 3.0 

Median Nt.nnber Inundation 
events per year 1 1 3 

--------------iJ . Freq. (f) is the nt.nnber of seasons or years in...tlich the nt.nnber of flood 
events greater than 20,000 ft3/sec equaled x. 

!?! f*x stands for f multiplied by x. 
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to the set of relevant variables, including nonthly inflows from the San 
Jacinto and Trinity River Basins. 1/ A Linear Progranrning (42) optimiza­
tion procedure is used to <XlI11pute the nonthly freshwater inflows fran the San 
Jacinto and Trinity River Basins needed to meet specified salinity, marsh' 
inundation and COlIIlIercial fisheries levels. The quantifications of salinity 
and COlIIlIercial fisheries harvest as functions of seasonal freshwater inflow 
are represented by the statistical regression equations given in Chapters V 
and VIII, respectively. The harvest equation utilized for a given species or 
species group is the regression equation accounting for the nost variance in 
the data (i.e., having the largest r2 value) based upon the combined inflow 
to the estuary. In the case of total finfish harvest ~ere such an equation 
was not derived, the finfish harvest was estimated by taking the average of 
the harvests predicted from equations using San Jacinto Basin inflows only and 
Trinity Basin inflows only. 

Specification of Objectives. The criteria or objectives in this optimization 
fonnulation can be- any desired estuarine condition.' One objective of interest 
is to <XlI11pute the least annual inflow to the estuary that meets the con­
straints on the salinity regime and marsh inundation. Another alternative 
could be to <XlI11pute the estimated quantity of freshwater inflow to maximize 
the estimated cornnercial harvests in the estuary. This harvest could be 
either for an individual fisheries species, or a weighted sum of the harvests 
of a group of commercially ,important species (e.g., shellfish). 

Canputation COnstraints for the Model. A set of constraints in the nodel 
relate freshwater inflow to various environmental and statistical limits 
specified as objectives. These constraints include: 

(1) upper and lower limits for the seasonal inflows used in the regres­
sion equations ~ich estimate annual commercial fisheries harvests, 

(2) statistical regression equations relating mean monthly salinities to 
mean nonthly freshwater inflows, 

(3) upper and lower .limits on the nonthly flows used in a:rnputing the 
salinity regression relationships, and ' 

(4) upper and lower vaiability limits on allowable nonthly salinities 
(Table 9-2). 

Alternative Estuarine Objectives 

Three alternative objectives are considered as follows: 

Alternative 
Objective: 

I, Subsistence 
minimize annual combined inflow ~ile 
limits and marsh inundation needs; 

Alternative II, Maintenance of Fisheries Harvests 

meeting salinity viability 

Objective: minimize annual combined inflow ~ile providing freshwater in­
flows sufficient to provide predicted annual commercial harvests 

1/ -Additional freshwater inflows are contributed to the estuary fran the 
- Neches-Trinity, Trinity-San Jacinto and San Jacinto-Brazos Coastal Basins; 

however, the individual nonthly inflows from these sources are taken to be 
fixed at their historical average nonthly inflows mer the period 1941 
through 1976. 
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in the estuary of red drum, spotted seatrout, penaeid shrimp, and 
all shellfish oombined at levels no less than their rrean 1962 
through 1976 historical values, satisfying marsh inundation needs, 
and meeting viability limits for salinity; 

Alternative III, Shrimp Harvest Enhancement 
Objective: maximize the total annual commercial harvest of shrimp in the off­

shore Gulf Area No. 18 adjacent to the estuary ..tIile rreeting 
viability limits for salinity, satisfying marsh inundation needs, 
and utilizing an annual oombined inflow to the estuary no greater 
than the combined individual average 1941 through 1976 annual 
historical inflows from the contributing river basins. 

The objectives and constraints for the listed alternatives are indicated 
in Table 9-5. The three specified objectives are not the only )Xlssible 
options for the Trinity-San Jacinto estuary; however, they provide a range of 
alternatives: survival or subsistence (Alternative I), maintenance of 
estuarine harvest levels (Alternative II), and offshore shrimp harvest 
enhancement (Alternative III). 

Alternative I: Subsistence. The objective of Alternative I (Subsistence) is 
to minimize total annual oombined inflow ~ile rreeting specified bounds on 
salinity (Table 9-2) in upper Galveston and Trinity Bays and satisfying marsh 
inundation needs for the Trinity delta.JJ The upper salinity bound for 
each IIDnth is the minimum of the upper salinity viability limit and the 
historic median salinity (Table 9-2). 

The marsh inundation needs specified earlier in this chapter for the 
Trinity delta were found to be in conflict with the lower salinity limits 
established above during the IIDnth of April. Fran Table 9-2, the lower 
salinity limit in upper Trinity Bay for April is 5 parts per thousand (ppt); 
however, the inundation volume for the IIDnth gives a salinity level of 3 ppt. 
The lower limit on salinity during April in Trinity Bay was reduced to 3 ppt 
to accomIIDdate the inundation event since it was judged that relatively little 
adverse impact '<iO\lld arise from the slightly reduced minimum salinity during 
that IIDnth. This revised lower bound for April was also applied in the 
evaluation of Alternatives II and III. 

Optimal IIDnthly inflows to the estuary needed to rreet the objective were 
determined by the Estuarine Linear programming Model. The estimated annual 
combined inflow need amounts to approximately 6.852 million acre-feet (8,418 
million m3) with 2.10 million acre-feet (2,589 million m3 ) from the San 
Jacinto River Basin, 3.58 million acre-feet (4,414 million m3 ) from the 
Trinity River Basin and 1.17 million acre-feet (1,443 million m3 ) from the 
Neches-Trinity, Trinity-San Jacinto, and San Jacinto-Brazos Coastal Basins 
(Table 9-6). 

Monthly freshwater inflow needs generated by the Estuarine Linear Pro­
gramming Model for Alternative I provide salinities ~ich closeiy approximate 
those for the required upper bounds during IIDst IIDnths of the year (Figures 
9-2 and 9-3). Trinity River Basin inflows during the months of April, May, 

17 Trin:lfy-delta inundation needs include two inundation events of 750,000 
-- ac-ft for the period April through May (Trinity River peak daily discharge 

of 29,500 ft3/sec at Romayor) and a single flood of 750,000 ac-ft 
(29,500 ft3/sec at Romayor) in October. 

IX-13 



Table 9-5. Criteria and System Performance Restrictions for the Selected Estuarine Alternatives 

Alternatives 

: I II III --- - --- ----- --,-----------------

Criteria: 

Maximize-Annual Combined Inshore and Offshore Harvest of Shrimp x 
Least Possible Annual Combined Inflow to Estuary x x 

Constraints: 

Annual Inflows from the San Jacinto and Trinity River Basins are each no greater x 
than their Average Annual Historical Values (1941-1976) 

Predicted Annual Spotted Seatrout and Red Drum Commercial Harvests no x 
less than their Average Annual Values (1962-1976) 

Predicted Annual Shrimp, Blue Crab and Bay Oyster Commercial Harvests no x 
less than their Average Annual Values (1962-1976) 

Upper and Lower Limits on Seasonal Inflows to Insure Validity of x x x 

H 
Predictive Harvest Equations 

X Upper and Lower Limits on Mean Monthly Salinity x x x 
I Upper and Lower Limits on Monthly Inflows to Insure Validity of Predictive x x ~ x ... Salinity Equations 

Lower Limits on Mean Monthly Trinity River Basin Inflows for Marsh Inundation x x x 
of the Trinity Delta 



H 
X 
I 

lJ1 

Table 9-6. Freshwater Inflow Needs of the Trlnity-San Jacinto Estuary Lnlder Alternative I y 
,T. '<nO" 

San Jacinto River Basin Trinity River Basin Total Inflow Combined 
Inflow Needs from Inflow Needs from Fran Coastal Inflow ~ 

Month Total Inflow Drainage Area of the Total Inflow Drainage Area of the Basins ~ 
Needs Basin Upstream from Needs Basin.U~stream'fram 

the Last Downstream the Last Downstre&~ 
Stream Gage b/ Stream Gage c/ 

Thousands of Acre-Feet 

January 249.4 '181.5 135.9 96.1 103.0 488.3 
February 215.1 153.0 136.9 97.1 128.0 480.0 
March 164.2 110.6 115.8 81.4 85.0 365.0 
April 217 .• 0 154.5 750.0 691.2 109.0 1,076.0 
May 268.0 197.0 750.0 702.2 144.0 1,162.0 
June 180.5 124.1 450.7 429.9 129.0 760.2 
July 134.1 85.4 49.2 56.5 54.0 237.3 
August 132.8 84.4 62.7 59.0 60.0 255.5 
September 149.2 98.0 86.5 70.2 97.0 332.7 
October 99.9 57.0 750.0 670.2 89.0 938.9 
November 95.0 52.9 133'.5 94.8 76.0 304.5 
December 198.3 139.0 159.6 119. 1 94.0 451.9 ._--- .---- ----
Annual ·2,103.5 1,437.4 3,580.8 3,167.7 1,168.0 6,852.3 

al All inflows are mean rronthly values 
S/.These values computed using regression equations relating monthly river ba~~n inflow to the estuary with monthly gaged inflows at 
-. USGS Stations #08074000,08074500, 08075500, 08076000, and 08076500 .. 
cl These values o:Jmputed~ using regression equations relating rronthly river basin inflow.to the est:-uary with nonthly gaged flows at 
- USGS station at Romayor, with historic diversions between the stream gage arid the estuary removed 
dl The ooastal basins are the Neches-Trinity, Trinity-San Jacinto, and San Jacinto-Brazos; 
~ Includes all freshwater inflow to the estuaxy except direct. precipitation on the estuary's sur'face (see Chapter IV for definition) 
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and October provide salinities lower than the upper limit as a ronsequence 
of meeting marsh inundation.requirements f~r the Trinity delta. The upper and 
lower salinity limits are the same in Trinity Bay for the nnnths of December 
through March and July since the median salinities were less than the lower 
viability limit. ' .. 

Ccinparisons between the mean 1941 through 1976 historical canbined 
inflows and the estimated freshwater inflow needs are made for each nnnth 
(Figure 9-4 and 9-5), for the San Jacinto and Trinity River Basins. For the 
San Jacinto River Basin, the inflow needs are less than the. mean nnnthly 1941 
through 1976 inflows, with the exceptions of the nnnths of January, March, 
August and December. For the Trinity River Basin, the mean 1941 through 1976 
Il\Onthly inflows exceed the inflow need except for the nnnths of April and. 
September when marsh inundation events are scheduled. The distribution of the 
'freshwater inflow needs between rontributing basins is illustrated in Figure 
9-6. The inflow from the three adjacent coastal basins is a significant ron­
tribution accounting for approximately ,17 percent of the total annual inflow. 

Implementation of Alternative I for the Trinity-San Jacinto estuary under 
the inflow regime indicated in Table 9-6 is projected to result in a general 
increase in commercial fisheries harvests from average historic levels (Figure 
9-7); The finfish category is predicted to have an annual harvest of 500.8 
thousand pounds (227 thousand kg), or a 44 percent increase above average; 
total shellfish harvest (including the harvest of shrimp from offshore Gulf 
Area No. 18), a 15 percent increase above average historic levels; and bay 
oyster, a predicted 14 percent above average historic levels. Only the bay 
harvest of red drum is predicted to be lower than the mean 1962 through 1976 
mean historic harvest (26 thousand pounds or 12 thQusand kg versus 36 thousand 
pounds or 16 thousand kg). 

Alternative II: Maintenance of Fisheries Harvests. The objective of Alterna­
tive II (Maintenance of FiSherIes Harvests) is to minimize 'canbined inflow to 
the estuary while providing freshwater inflows sufficient to generate pre­
dicted annual commercial harvests of red drum, spotted seatrout, shrimp, blue 
crab, and bay oyster at levels no less than their mean 1962 through 1976 
historical values, satisfying marsh inundation needs, and meeting rounds for' 
salinity. . 

The optimal set. of nnnthly freshwater inflow needs derived by the 
Estuarine Linear progranuning Model for Alternative II (Table 9-7) amounts to· 
7.19 million acre-feet (8,865 million m3) annually, of v.hich L 17· million 
acre-feet (1,443 million m3) are rontributed from the coastal basins. The 
computed annual.contributions of the San Jacinto· and Trinity River Basins are 
2.42 thousand (2,984 million m3) and 3.60 million acre-feet (4,439 million 
m3), respectively. The yearly inflow volume from the San Jacinto River 
Basin is slightly greater (seve~ percent) than tlJe average historical inflow, 
while the inflow specified from the Trinity River Basin is 40 percent less 
than the historical average annual inflow of 5.962 million a=e-feet (7,351 
million m3) over the period 1941 through 1976. 

Relatively little additional inflow (340 thousand acre-feet or 419 
million m3) above that required for Alternative I is needed to satisfy the 
constraints of this. alternative since only one of the predicted species har­
vests (red drum), under Alternative I inflows, fails to be at least as great 
as its historical average harvest. The additional inflows occur in the IlDnths 
of November and December. All but cipproximatel y 20 thousand acre-feet (24 
mill ion m3) of the 340 thousand acre-feet ( 419 million m3 ) is required 
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from the San Jacinto River Basin since salinity bounds limited oclditional 
inflow from the Trinity Basin. 

Monthly freshwater inflow needs generated for Alternative II provide 
salinities which oorrespond. to those under Alternative I (Figure 9-8), except 
for the nonths of November and December in upper Galveston Bay and November in 
upper Trinity Bay (Figure 9-9). 

Comparisons between the mean historical ccmbined inflows and estimated 
freshwater inflow needs are made for the San Jacinto and Trinity River Basins 
(Figures 9-10 and 9-11). The average 1941 through 1976 historical inflows 
from the San Jacinto River Basin are higher than the freshwater inflow needs 
under this alternative for about half of the nonths. Fran the Trinity River 
Basin, inflows larger than historical average values are needed only in April 
and October. The Estuarine Linear Programming Model distributes nonthly 
inflows to achieve Alternative II (Maintenance of Fisheries Harvests) as indi­
cated in Figure 9-12. 

Implementation of Alternative II for the Trinity-San Jacinto estuary 
under the inflow regime indicated in Table 9-7 results in a projected increase 
in comnercial fisheries harvests fran average historical levels for all har­
vest groups except red drum (Figure 9-13). The red drum harvest is predicted 
to be equal to the 1962 through 1976 average historic harvest of 36.3 thousand 
pounds (16.4 thousand kg) annually. 

Alternative III: Shrimp Harvest Enhancement. The obj~ive of Alternative 
III (Shrimp Harvest Enhancement) is to maximize the annual offshore can­
mercial harvest of shrimp in the offshore region ocljacent to the estuary (Gulf 
Area No. 18) while observing salinity limits and marsh inundation needs, and 
utilizing annual San Jacinto and Trinity River Basin inflows 00 greater than 
there respective average historical annual inflows. 

The Estuarine Linear Programming Model was utilized to deteDlline an 
optimal set of nonthly river basin inflows to meet the stated objective (Table 
9-8) . The annual canbined inflow 11 fran freshwater sources needed to 
maximize the offshore shrimp harvest is estimated at 7.02 million acre-feet 
(8,656 million m3). The total annual contribution fran the Trinity River 
Basin is estimated at 3.59 million acre-feet (4,426 million m3), while the 
corresponding San Jacinto River Basin contribution is limited to' the histori­
cal average of 2.26 million acre-feet (2,787 million m3). Addi tional inflow 
from the San Jacinto River Basin loOuld have increased the predicted harvest 
without violating salinity limits. The remaining annual freshwater oontribu­
tion of 1.17 million acre-feet (1,443 million m3 ) is the historical average 
annual inflow fran the contributing coastal basins. 

Salinities in the upper Galveston Bay are the same under both Alterna­
tives II and III, except in July, August, NovernbEir, and December (Figure 
9-14). Monthly freshwater inflow needs generated for Alternative III provide 
salinities which are lower than those under Alternative II only in, the nonth 
of August in Trinity Bay (Figure 9-15). In November, however, upper Trinity 
Bay salinity is slightly higher than that under Alternative II. 

17--CCinbfne;r inflow does not include direct precipitation on the estuary's 
-- surface (See Chapter IV for definition)'. 
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Table 9-7. Freshwater Inflow Needs of the Trinity-San Jacinto Estuary under-Alternative II ~ 

Month 

San Jacinto River Basin 

Total Inflow 
Needs· 

Inflow Needs from 
Drainage Area of the 
Basin upstream from 
the Last Downstream 

Stream Gage b/ 

Trinity River Basin 
Inflow Needs from 

Total Inflow Drainage Area of the 
Needs Basin Upstream fran 

the Last Downstream 
Stream Gage c/ 

Thousands of Acre Feet 

January 249.4 181.5 135.9 96.1 
February 215.1 153.0 136.9 97.1 
March 164.2 110.6 115.8 81.4 
April 217.0 154.5 750.0 691.2 
May 268.0 197.0 750.0 702.2 
June 180.5 124.1 450.7 429.9 
July 134.1 85.4 49.2 56.5 
August 132.8 84.4 62.7 59.0 
September 149.2 98.0 86.5 70.2 
October 99.9 57.0 750.0 670.2 
November 308.2 f/ 230.5 154.4 114.2 
December .300.~ l' -224.4 159.6 119. 1 

Annual 2,419.3 1,700.4 3,601.6 3,187.1 

a/ All inflows are mean monthly values. 

Total Inflow 
Fran Coastal 

Basins 9i 

103.0 
128.0 
85.0 

109.0 
144.0 
129.0 
54.0 
60.0 
97.0 
89.0 
76.0 
94.0 

1,168.0 

Combined 
Inflow Y 

488.3 
480.0 
365.0 

1,076.0 
1,162.0 

760.2 
237.3 
255.5 
332.7 
938.9 
538.5 
554.5 

7,188.9 

b/ These values computed using regression equations relating monthly river basin inflow to the estuary with monthly gaged inflows at 
- USGS Stations #08074000, 08074500, 08075500, 08076000, and 08076500. 
c/ These values computed using regression equations relating monthly river basin inflow to the estuary with monthly gaged flows at 
- USGS station at Romayor, with historic diversions between the stream gage and the estuary removed. 
d/ The roastal basins are the Neches-Trinity, Trinity-San Jacinto, and San Jacinto-Brazos. 
e/ Includes freshwater inflow need fram the basin distributed according to San Jacinto River Basin historical monthly freshwater inflow 
- (1941-1976) in the season (November and December). 
f/ Total seasonal freshwater inflow need from the basin distributed according to San Jacinto River Basin historical monthly freshwater 
- inflow (1941-1976) in the season (November and December). 
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Table 9-8. Freshwater Inflow Needs of the Trinity-San Jacinto Estuary under Alternative III ;y' 

San Jacinto River Basin Trinity River Basin Total Inflow Coobined 
Inflow Needs fran Inflow Needs fran Fran Coastal Inflow ry 

MOnth Total Inflow Drainage Area of the Total Inflow Drainage Area of the Basins 31 
Needs Basin Upstream from Needs Basin Upstream fran 

.. the Last Downstream the Last Dawnstre&~ 
Stream Gage bl Stream Gage cl 

Thousands of Acre-Feet 

January 249".4 181.5 135.9 96.1 103.0 488.3 
February 215.1 153.0 136.9 97.1 128.0 480.0 
March 164.2 110.6 115.8 81.4 85.0 365.0 
April 217 .0 154.5 750.0 691.2 109.0 1,076.0 
May 268.0 197.0 750.0 702.2 144.0 1,162.0 
Juri.e . 180.5 124.1 450.7 429.9 129.0 760.2 
July 250.6fl 182.5 49.2 56.5 54.0 353.8 
August 172.81/ 117 .5 73.9 69.4 60.0 306.7 
September 149.2- 98.0 86.5 70.2 97.0 332.7 
October -99.9 57.0 750.0 670.2 89.0 938.9 
November 95.0 52.9 133.5 94.8 76.0 304.5 
December ~~:1 139.0 159.6 119. 1 94.0 451.9 ----
Annual 2,260;0 1,570.6 3,592.0 3,178.1 1,168.0 7,020.0 

Oaf ;""All -iTIflows are mean rronthly -values. -------- ---------"-
5/ These values computed using regression equations relating monthly river basin inflow to the estuary with mOnthly gaged inflows at 
- USGS Stations #08074000, 08074500, 08075500, 08076000, and 08076500. 
c/ These values cOmputed using regression equations relating monthly river basin inflow to the estuary with monthly gaged flows at 
- USGS station at ROmayor with historic diversions between the 'stream gage and the estu~ry removed. 
a/"The coastal basins are the Neches-Trinity, Trinity-San Jacinto, and San jacinto-Brazos. 
e/ Includes all freshwater .inflow to the estuary except direct precipitation on the est-uary's surface (see Chapter IV for definition). 
II Total seasonal freshwater "inflow need from the San Jacinto River Basin distributed August according to the river basin (1941-1976) 
- average monthly ~flow distribution in the season (July and August). 
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Comparisons between inean 1941 through 1976 historical oombined inflows:' 
and' estimated' freshwat'er inflow needs under Alternative III have been made 'for 
the San Jacinto and Trinity River Basins (Figures 9-16 and 9-17). The average 
historical inflows from the San Jacinto River Basin are higher than the fresh­
water inflow needs under Alternative III 'for all mnths except January, March, 
July, August and December. Historical inflows from the Trinity River Basin 
are higher than the estimated needs under Alternative III for all mnths 
except April and october. The Estuarine Linear Programming Model distributes 
monthly inflows to achieve Alternative III (Shrimp Harvest Enhancement) as 
indicated in Figure 9-,18. 

, According to this analysis, implementation of Alternative III for the 
Trinity-San Jacinto estuary under the inflow regime indicated in Table 9-8 
Would result in an estimated 12 percent increase in total offshore (Gulf Area 
No. 18) shrimp harvest above the 1962 through 1976 mean historical level 
(Figure 9-19). This increase OCcurs when the inflow level is equal to 100 
Percent of mean historical ,inflow from the San Jacinto River Basin and 60 
percent of ,the mean historical inflow from the Ti:-inity River Basin., Pro­
jected ,changes m individual harVest categories under Alternative III include' 

, a '1 s percent increase' in the overall shellfish harvest, (including offshore 
shrimp), a' very 'slight increase '(0.5 percent) in blue erab harvest, a four' 
percent' increase iri" offshore white' shrimp harvest, and a seven percent 
increase in offshore brown shrimp harvest. An increase in annual bay oyster 
harvest of four percent is also projected. In the finfish categories, 
projected dlanges from, 1972 through 1976 historical harvests in the estuary 
include a 19' percent increase' in 'the overall finf ish harvest, a 49 percent 
increase in spottedseatrotit' harvest, and a 57 percent decrease in red drum 
harvest. 

Application of Tidal Hyqrodynamic and Salinity Transport Models 

The determination of preliminary estimates of freshwater inflow needs, 
described above, must be followed by ooditional steps in the methodology in 
order to insure that the resulting salinity distribution throughout the 
estuary is satisfactory (Figure 9-1). The Estuarine Linear programming Model 
considers salinities only at two p:>ints in the Trinity-San Jacinto estuary' 
near the major'sOurCes of freshwater 'inflow. 'It> determine circulation' and 
salinity patterns throughout the estuary it is ,necessary to apply the tidal 
hydrodynamic arid' salinity mass transport llDdels (described in Chapter V) 
using'the estimates of mrithly freshwater, inflow needs obtainoo from the 
Estuarine Linear Programming Model. If the circulation patterns and salinity 
gradients predicted by the hydrodynamic and transport llDdels are acceptable, 
then the tentative mnthly freshwater inflow ,needs may 'be accepted. ' Should, 
the estimated estuarine conditions not be satisfactory" then :the constraints 
upon the Estuarine Linear Programming Model must be llDdified, and the J!Odel' 
used agaii;lto ,compute new-estimates. 

Salinity patterns' of the estuary are of primary importance for insuring 
that predicted salinity gradients provide a suitable environment for the 
estuarine organisms. For high productivity, it is estimated that mean mnthly 
mid-bay salinities in Galveston Bay should not exceed 20 parts per thousand 
(pptj in anY,lIDnth under, t11eprojected mnthly, freshwater inflow needs. The 
lowest annual inflow to the estuary from any of, the three alternatives con­
sidered here is provi,<;led, by Alternative I; thus, if the salinity conditions 

IX-27 



~ 

I-.... 
I· 

(.) 
« 
0 
0 
0 -'-' 

:l 
0 .... 
c 

I.­

'" +-
o 
:l 
.l: 

'" '" I.-.... 
>­
.l: 
+-
C 
o 

::::!: 

1200 

1000 .. San- J ac i n toR I ve r Bas I n 
Inflow to Estuary 

BOO . . .. ......... ....... _. . .... --. . . . .. ....•.........•.........•....... · . · . 

600 .......................... . 

400 ..................... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . · . . · . · . · . . . 

200 

~ ... f·~ rl~ir~:ciH~i~;c~~i~~ 
0~~~~~~~~4-~~~~~~~~~~~~~~~~~~~ 

jan feb mar apr may jun fU I 
Month 

aug sep 

o 
o 

oct nov 

ESTlIIA TED NEEDS 

HISTORIC 

Figure 9-16_ Comparison Between Mean Historical Freshwater Inflow 
and Inflow Needs Under Alternative III for the Trinity-San 

.dec 

;::- Jacinto Estuary From the San Jacinto River Basin 
1 1200,-----~--------~----~----~--------~----~----~----~----~--_, 
(.) 
« 
o 1000 o 
o -'-' 

:l .BOO ...... . 
o 
;;:. 
c 

I.­

'" +-
o 
:l 
.l: 

'" '" I.-.... 

.l: 
+-
c 
o 

::::!: 

600 

400 ... 

200 , ...... 

jan 

Trinity River Basin 
Inflow to Estuary 

· . .......................... 

feb mar apr may 

. .. .. -. . . . . . . . . . . .. ...... . · . · . · . 

fun ful 
Month 

aug sep oc t nov dec 

o EST IliA TED NEEDS 

.0 HISTORIC 

Figure 9-17. Comparison Between Mean Historical Freshwater Inflow 
and Inflow Needs Under Alternative III for the Trinity-San 

Jacinto Estuary From the Trinity River Basin 

IX-28 



Q) 

~ 120°lr------------------------~;:~~----------------------------------------__, 

o 
o 
o -'--' 
~ 
o .... 
c: 

... 
Q) -o 
~ 

.<: 
II) 
Q) ... 

600 

~ oJ22SZQ~lC~Qt~~~C2SC~~~~t2~lC~~~~[Zl:~SC~~~~~~~~~~~ 
.<: -c: 
o 
:::; 

II) 

.n 

o 
o 
S! 
'-" -II) ., 
> ... 
o 

I 

II) ., 
... ., 

.<: 
II) 

., 
Ol 
o ... 
Q) 

> 
.q: 

Ian feb mar apr may lun lu I aug sep 
Month rzJ 

D 
~ 

Figure 9-18. Estimated Freshwater Inflow Needs for the 
Trinity-San Jacinto Estuary Under Alternative III 

oct nov dec 

TRINITY RIVER BASIN 

SAN JACINTO RIVER BASIN 

COASTAL BASINS 

22000,-----------------------------------------------------__ ----------, 

16500 

5500 

0 
all' 

fl n ff sh 
spotted rod all all whlt6 brown blue 
seatrout drum sh'" lifT sh shrImp shrImp shrimp crab 

0 PREDICTED 

D HISTORIC 

Figure 9-19. Comparison Between Trinity-San Jacinto Historical 
Fisheries Harvests and Predicted Harvests Under Alternative III 

IX-29 

boy 
<!yafer 



across the estuary meet the 20 ppt criteria under Alternative I, IlDnthly 
freshwater inflows under the tl>O other alternatives considered should also 
satisfy the condition (since they specify higher inflows). A lower limit on 
salinity in Galveston Bay is not evaluated since it was not anticipated that 
the IlDnthly inflows under the three alternatives l>Ould give salinities lower 
than 10 ppt. 

Simulation of Mean Monthly Circulation Patterns. The estimated IlDnthly fresh­
water inflow needs of the Trinity-San Jacinto estuary under Alternative I are 
used as input conditions to the tidal hydrodynamics =del, along with typical 
tidal and meteorological conditions for each IlDnth, to simulate average 
circulation patterns in the Trinity-San Jacinto estuary for each IlDnth of the 
year. 

The output of the tidal hydrodynamics =del consists of a set of tidal 
amplitudes and net flows computed for each cell in the 46 x 32 computational 
matrix representing the Trinity-San Jacinto estuary •. The computed net flows 
are the average of the instantaneous flows calculated by the =del Oller the 
tidal cycle. Thus, the circulation pattern represented by these net flows 
should not be interpreted as a set of currents that can be observed at any 
time during the tidal cycle, but rather as a representation of the net IlDVe­
ment of water created by the combined action of the Gulf tides, freshwater 
inflow, and meteorological conditions during the tidal cycle. 

The resultant circulation patterns can best be illustrated in the form of 
vector plots, wherein each vector (or arrow) represents the net flow through a 
computational cell. The orientation of the vector represents the direction of 
flow, and the length of the vector represents the magnitude of flow, with one 
inch corresponding to a flow rate of 11,000 ft3/sec (310 m3/sec). 

The simulated IlDnthly circulation (Figures 9-20 through 9-31) patterns in 
the estuary can be divided into tl>O groupings based upJn similarities: (1) 
March, June, August and October, and (2) all the remaining IlDnths. The flow 
characteristics exhibited by the numerical simulations in each of these cases 
are discussed below. 

(1) Simulated March, June, August and October Circulation Patterns. 
The flow cirCUlations in the Trinity-San Jacinto estuary are simulated for 
historical average meteorological conditions and estimated freshwater inflow 
needs for Alternative I for the IlDnths of March, June, August and October. 
The predominant wind speed and direction of 10.6 miles per hour (mp"!) (4.7 
m/sec) fran the south-southeast varies only slightly among these IlDnths. The 
most obvious circulation pattern evident in the estuary during the indicated 
months is a northwesterly-directed current in the Houston Ship Channel toward 
Morgan's Point. The magnitude of the net flow in the Ship Channel is exceeded 
only by -the flow rate in the vicinity of Bolivar Pass. The daninant pattern 
in Trinity Bay is a clockwise circulation induced by prevailing winds. The 
current in West Bay is predominantly directed in a northeasterly direction 
from San Luis Pass to Galveston Bay. The IlDvement of water in East Bay is 
generally in an easterly direction from Galveston Bay through Rollover Pass at 
the eastern end of Bolivar peninsula. 
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Estuary Under January Freshwater Inflow Needs, Alternative I 
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Figure 9-21. Simulated Net Ste-ady-State Flows in the Trinity-San Jacinto 
Estuary Under February Freshwater Inflow Needs, Alternative I 
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Figure 9-22. Simulated Net Steady-State Flows in the Trinity-San Jacinto 
Estuary Under March Freshwater Inflow Needs, Alternative I 
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Figure 9-23. Simulated Net Steady·State Flows in the Trinity·San Jacinto 
Estuary Under April Freshwater Inflow Needs, Alternative I 
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'Figure 9-24_ Simulated Net Steady-State Flows in the Trinity-San Jacinto 
Estuary Under May Freshwater Inflow Needs, Alternative I 
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Figure 9-25_ Simulated Net Steady-State Flows in the Trinity-San Jacinto 
Estuary Under June Freshwater Inflow Needs, Alternative I 
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Figure 9-26. Simulated Net Steady-State Flows in the Trinity-San Jacinto 
Estuary Under July Freshwater Inflow Needs, Alternative I 
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Figure 9-27. Simulated Net Steady-State Flows in the Trinity-San Jacinto 
Estuary Under August Freshwater Inflow Needs, Alternative I 
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Figure 9-28. Simulated Net Steady-State Flows in the Trinity-San Jacinto 
Estuary Under September Freshwater Inflow Needs, Alternative I 
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Figure 9-29. Simulated Net Steady-State Flows in the Trinity-San Jacinto 
Estuary Under October Freshwater I nflow Needs, Alternative I 
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Figure 9-30. Simulated Net Steady-State Flows in the Trinity-San Jacinto 
Estuary Under November Freshwater Inflow Needs, Alternative I 
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Figure 9-31. Simulated Net Steady-State Flows in the Trinity-San Jacinto 
Estuary Under December Freshwater Inflow Needs, Alternative I 
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'lbe dominant flow pattern in Galveston Bay is a novement of water up the 
Houston Ship Channel toward Morgan's Point. This northwesterly novement of 
water along the Ship Channel induces return currents on either side of the 
Channel noving in the opposite direction: thus, there is a net routheasterly 
current along the western shore of Galveston Bay. 

The simulated net circulation of water anong the various bays is pre­
daninantly fran Trinity Bay into Galveston Bay and fran Galveston Bay into 
East Bay. Limited exchange occurs between Galveston Bay and West Bay. The 
net flow through Bolivar Pass during these nonths is out of the estuary into 
the Gulf. 

(2) Simulated January, February, April, May, July, September, November 
and December Circulation Patterns. The flow circulations in the Trii1ity':san 
Jacinto estuary simulated under historical average meteorological and esti­
mated freshwater inflow needs for Alternative I indicate similar flow patterns 
for the nonths of January, February, April, May, July, September, November and 
December (Figures 9-20, 9-21, 9-23, 9-24, 9-26, 9-28, 9-30 and 9-31). The 
average wind speed is 11.2 mph (5.01 rri!sec) for the IlDnths, with the wind 
direction predominantly from the north and west. 

The nost evident circulation pattern in the estuary during these in<h­
cated nonths is a routheasterly-directed current in the Houston Ship Channel. 
The magnitude of the simulated current in the Ship Channel is generally 
exceeded only by the flow rates in the vicinity of Bolivar Pass. The daninant 
flow in Trinity Bay is a rounter-clockwise rotating circulation in the upper 
bay. The circulation patterns in West Bay indicate that an internal current 
rotating rounter-clockwise predominates in the upper end, with the net water 
movement fran Galveston Bay near Bolivar Pass through the Galveston Ship 
Channel into west Bay, and from West Bay through San Luis Pass into the Gulf 
of Mexico. The simulated net flow of water in the western p::lrtion of East Bay 
is dominated by a northerly current fran Galveston Bay into Trinity Bay. A 
secondary net flow in East Bay noves water fran Galveston Bay through Rollover 
Pass at the·eastern end of .Bolivar peninsula. 

The circulaion pattern for Galveston Bay shows a' net IlDvement of water 
down the Houston Ship Channel toward the Gulf. The novement of water along 
the Ship Channel induces return currents on either side noving in the opposite 
direction. 

The circulation patterns simulated for the various bays in the estuarine 
system indicates, as with the nonths of March, June, August, and October, 
that the predominant net flow is from Trinity' Bay into Galveston Bay and then 
into East Bay. Only limited net exchange occurs between Galveston Bay and 
West Bay. Also, the net flow through Bolivar Pass during these nonths is 
directed toward the estuary from the Gulf. 

Simulated Mean MonthlX ~alini.;a ~~terns. The tidal amplitud,es and flows 
calculated by the ti al hydr ynamc nodel for the nonthly mflows under 
Alternative I were utilized as input to operate the salinity transport nodel 
to simulate the salinity distributions in the Trinity-San Jacinto estuary for 
each nonth. The resultant salinity distributions are illustrated in the form 
of salinity rontour plots wherein lines of uniform salinity are shown in 
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increments of five· parts per thousand (ppt). The evaluation of the simulated 
monthly salinities in the Trinity-San Jacinto estuary resulting fran these 
model. operations (Figures 9-32 through 9-43) revealed two distinct salinity 
distribution patterns: one evident during July and. the high inflow months of 
April, May, June, and October, and the other during the remaining IIOnths of 
·the year. . 

(1) Simulated Agril, May, June, July and October Salinity Patterns. The 
simulation of estuarme salinities under April, May, June, July and October 
inflow needs and average meteorological conditions results in salinities over 
the Trinity-San Jacinto estuary varying fran less than five parts per thousand 
in Trinity Bay to slightly over 25 ppt near San Luis and Bolivar Passes 
(Figures 9-35 through 9-41). The salinity simulations for these IIOnths· 
reveal that salinities in Trinity Bay are less than five parts per thousand 
over almost all of the bay. Salinities in Galveston Bay range fran between 
five and ten parts per thousand in its upper p:>rtion to 25 ppt at the IIOuth of 
the bay near Bolivar Pass. The simulated salinities in West Bay range between 
20 and 25 ppt. The simulated salinity distributions nor East Bay during these 
months range between 10 and 15 ppt. The simulated salinities in the estuary 
are lowest for the spring IIOnth of May. 

For the IIOnths during this period an intrusion of· IIOre highly saline 
water is evident along either side of the Houston Ship Channel. This simu­
lated condition corresp:>nded to observed variations in salinity. The intru­
sion of IIOre saline water along the Houston Ship Channel is 'due to its 4Q-foot 
depth, compared to the adjacent shallow areas in Galveston Bay. 

(2) Simulated November thro1t March, ~ust and September Salinity 
Patterns. Simulated saIinity distrlutions in e Trinity-San Jacinto estuary 
for Alternative I inflows show relatively similar patterns nor the remaining 
months of the year (Figures 9-42, 9-43, 9-32, 9-33, 9-34, 9-39, and 9-40). 
For Trinity Bay the simulated salinities are at a minimLUll near the Trinity 
River delta with concentrations lower than five parts per thousand during the 
seven remaining IIOnths. MaximLUll simulated salinities in Trinity Bay are 
between 10 and 15 ppt, except in the IIOnths of February, March and September 
when the maximLUll salinities are less than 10 ppt. 

The simulated salinities for Galveston Bay range fran less than ten parts 
per thousand in the upper p:>rt ion of the bay near Morgan's Point to over 25 
ppt near Bolivar Pass. Simulated concentrations nor West Bay range fran a 
maximLUll of aver 25 ppt near Bolivar Pass to less than 20 ppt in the ~stern 
end of the bay. East Bay salinities have a minimLUll value of less than 10 ppt 
near the eastern end of the bay and a maximLUll level of between 20 and 25 ppt 
at the boundary between East and Galveston Bays. Simulated salinities are 
greater than 10 ppt at Rollover Pass, the intermittent channel between East· 
Bay and the Gulf of Mexico. 

In all of the IIVnths, the salinities in the middle p:>rtion of Galveston 
Bay were simulated at under 20 ppt, thus, meeting the criterion given pre-­
viously. Further refinement of the estimated IIOnthly freshwater inflow needs 
for the three Alternatives is therefore not considered necessary at this 
time. 
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Figure 9-32. Simulated Salinities in the Trinity-San Jacinto Estuary 
Under January Freshwater Inflow Needs, Alternative I (ppt) 
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Figure 9-33. Simulated Salinities in the Trinity-San Jacinto Estuary 
Under February Freshwater Inflow Needs, Alternative I (ppt) 
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Figure 9-34. Simulated Salinities in the Trinity-San Jacinto Estuary 
Under March Freshwater Inflow Needs, Alternative I (ppt) 
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Figure 9-35. Simulated Salinities in the Trinity·San Jacinto Estuary 
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Figure 9-36. Simulated Salinities in the Trinity·San Jacinto Estuary 
Under May Freshwater Inflow Needs, Alternative I (ppt) 
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Figure 9-37. Simulated Salinities in the Trinity-San Jacinto Estuary 
Under June Freshwater Inflow Needs, Alternative I (ppt) 
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Figure 9-38. Simulated Salinities in the Trinity-San Jacinto Estuary 
Under July Freshwater Inflow Needs, Alternative I (ppt) 
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Figure 9-39. Simulated Salinities in the Trinity-San Jacinto Estuary 
Under August Freshwater Inflow Needs, Alternative I (ppt) 
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Figure 9-40. Simulated Salinities in the Trinity·San Jacinto Estuary 
Under September Freshwater Inflow Needs, Alternative I (ppt) 
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Figure 9-41. Simulated Salinities in the Trinity-San Jacinto Estuary 
Under October Freshwater Inflow Needs, Alternative I (ppt) 
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Figure 9-42, Simulated Salinities in the Trinity-San Jacinto Estuary 
Under November Freshwater Inflow Needs, Alternative I (ppt) 
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Figure 9-43. Simulated Salinities in the Trinity-San Jacinto Estuary 
Under December Freshwater Inflow Needs, Alternative I (ppt) 
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Interpretation of the Physical Significance of the Estimated Freshwater Inflow 
Needs 

lbe IlOnthly freshwater inflows, estimated in the Trinity-San Jacinto 
estuary report, from the San Jacinto and Trinity River Basins represent the 
best statistical estimates of IlOnthly inflows needed to satisfy selected 
specified objectives for the major estuarine factors of marsh inundation, 
salinity distribution, and fisheries harvests. These estimates'cover a range 
of potential factors and illustrate the comPlexity of the estuarine system. 

Freshwater inflows approximately equal to the estimated needs may give 
estuarine responses which are indistinguishable, on a statistical basis, from 
the desired conditions. Confidence limits can be obtained for dlanges in 
estuarine conditions, such as salinity, using statistical techniques. It is 
not clear, however, as to the proper tedlnique for determining conf idence 
bounds on the actual IlOnthly inflow estimates for those nDnths where the 
individual confidence limits on the inflow needs for salinity, harvest and 
inundation must be combined into a single confidence interval. 

A wide variability of freshwater inflow occurs in Texas estuaries from 
year to year, through drought and flOod cycles. The IlOnthly freshwater inflow 
levels received by the estuary fluctuate about the average inflow due to 
natural hydrologic variability. Such fluctuations are expected to continue to 
exist for practically any average level of inflow that might occur or that 
might be specified. It is not likely that sufficient control can be exerted 
to completely regulate the inflow extremes. In fact, to do 00 may be detri­
mental to the process of natural selection and other aspects of this vast 
living system. However, some proVision may be needed to prevent an increase 
in the frequency of periods of low flows. Such a provision could specify 
minimum IlOnthly inflows required to keep salinities below the upper viability 
limits given for the key estuarine-dependent species (Tables 9-1 and 9-2). 

Summary 

A methodology is presented which combines the analysis of the component 
physical, dlemical and biological elements of the Trinity-San Jacinto estuary 
into a sequence of steps which results in estimates of the freshwater inflow 
needs for the estuary based upon specified salinity, marsh inundation and 
fishery harvest objectives. 

Monthly mean salinity bounds are established at locations in the estuary 
near the inflow points of the San Jacinto and Trinity River Basins. ' These 
uJ;PE!r and lower limits on IlOnthly salinity provide a salinity range within 
which viable metabolic and reproductive activity can be maintained' and normal 
historical salinity conditions are observed. 

Marsh inundation needs, for the flushing of nutrients from riverine 
marshes into the open bays, are computed and' specified for the Trinity 'River 
delta. The San Jacinto River delta is limited in areal extent and far smaller 
than the Trinity delta. As a result, no inflow requirements for inundation of 
the San Jacinto River delta are specified from the San Jacinto River Basin. 
The Trinity River delta is frequently sutmerged by floods from the Trinity 
River. Based upon historical conditions and gaged streamflow records, fresh­
water inflow needs for marsh inundation are estimated and specified at 750 
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thousand acre-feet (924 million, m3) in each of the nonths Jil, May, and 
October. 'I1lese voll.Ul1E!s correspond to flood events with peak daily flow rates 
of 29,500 ft3/sec (836 m3/sec). 

Estimates of the freshwater inflow needs for the Trinity-San Jacinto 
estuary are, <XlIIIPuted by representing the interactions arrong freshwater in­
flows, estuarine salinity and fisheries harvests within an Estuarine Linear 
Programming Model. The model <XlIIIPutes the nonthly freshwater inflows from the 
San Jacinto and Trinity River, basins .\\bich best achieve a specified objec­
tive. 

The nonthly freshwater inflow needs for the Trinity-San Jacinto' estuary 
were estimated for each of three alternatives: 

Alternative, I . (Subsistence) : minimization of annual canbined inflow 
while meeting salinity viability limits and marsh inundation needs; 

Alternative II (Maintenance of Fisheries Harvests): minimization of 
annual canbined 'inflow \\bile providing annual commercial harvests of 
red drum, seatrout, shrimp, blue crab, and bay oysters at levels no 
less than their mean 1962 through 1976 annual values, satisfying 
marsh inundation needs, and meet;ing viability limits for salinity; 
and 

Alternative III (Shrimp 'Harvest Enhancement): maximization of the annual 
offshore commercial harvest of shrimp \\bile meeting salinity limits, 
satisfying marsh inundation needs, and utilizing an annual ,inflow 
to the estuary at a level no greater than the canbined individual 
average annual historical inflows from the contributing river 
basins. 

Under Alternative I (SUbsistence), the Trinity-San Jacinto system, \\bich 
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 totalling 6.85 
million acre-feet (8,446 million m3 ) annually are predicted to satisfy the 
basic salinity gradient and marsh inundation needs, with resulting predicted 
iri.creases in commercial finfish and shellfish harvests of 44 and 15 percent 
above average, respectively. . 

Under Alternative II (Maintenance of Fisheries Harvests),' the predicted 
annual commercial harvests of, red drum, spotted seatrout, shrimp, blue crab 
and bay oysters' are required to be at least as great as historical 1962 
through 1976 average levels. The marsh inundation needs and salinity limits 
must also be satisfied. 'lb satisfy, these criteria, an ,annual freshwat~r 

inflow of 7.19 million acre-feet (8,865 million m3) is needed. 

Under Alternative III (Shrimp Harvest Enhancement), the Trinity-San 
Jacinto estuary's ~ualfreshwater inflow needs are estimated at 7.02 million 
acre-feet (8,656 million m3 ) distributed in a seasonally tmique manner, to 
achieve the objective of maximizing the annual predicted commercial offshore 
(Gulf Area No. 18) harvest of penaeid shrimp. Annual inflows from the San 
Jacinto River Basin are limited by the average annual 1941 though 19(6 his­
torical inflow from the basin. The objective of harvest enhancement is 
'achieved with a predicted 15 percent increase in all shrimp harvested offshore 

IX-58 



in Gulf Area No. 18 and an estimated gain of 81 percent in total carmercial. 
bay finfish harvest (including a 57 percent decline in the carmercial bay 
harvest of red drLDn). 

The numerical tidal hydrodynamic and salinity mass transport models were 
applied to the Trinity-San Jacinto estuary to. detelliline the effects of the 
estimated freshwater inflow needs for Alternative III upon the average 
monthly net flow circulation and salinity dlaracteristics of the estuarine 
system. The monthly simulations utilized typical tidal and m=teorological 
conditions observed historically for each month simulated. 

The net circulation patterns simulated by the tidal hydrodynamic model 
indicate that the dominant net current in Galveston Bay is a net water move­
ment along the Houston Ship Channel. This dominant current influences cir­
culation in the other areas of Galveston BaY. The simulated net water nove­
ments in Trinity, East, and West Bays were generally dominated by internal 
currents. The simulated nonthly circulation patterns indicate that the cur­
rents in the Trinity-San Jacinto estuary are wind dominated. 

The simulated salinities in the Trinity-San Jacinto estuary for the 
estimated nonthly freshwater inflow needs under Alternative I vary over a wide 
range. Salinities throughout the estuary are lowest in the month of May, with 
average simulated salinities of less than 20 parts per thousand (ppt) over the 
entire estuary except near San Luis and Bolivar Passes. The highest levels of 
simulated salinities occur during the month of August, W1en salinities in 
Galveston Bay near Bolivar Pass exceed 30 ppt. The simulated salinities for 
Trinity Bay are generally less than 15 ppt throughout the year. The major 
portion of Galveston Bay has simulated salinities of tetween 15 and 20 ppt; 
however, during the high freshwater inflow nonths of April and May, the salin­
ities in the bay are tetween 10 and 15 ppt. Since the middle portion of 
Galveston Bay has simulated salinities in all nonths telow a target maximLDn 
allowable concentration of 20 ppt, the freshwater inflow needs established by 
the Estuarine Linear Programming Model \\QuId te ooequate to sustain the 
salinity gradients specified, within the objectives, throughout the estuary. 

The estimated monthly freshwater inflow needs derived in this report are 
the test statistical estimates of the monthly inflows satisfying specified 
objectives for fisheries harvest levels, marsh inundation 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 W1ich may te specified. Sane 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. 

V--The alternative having the lowest inflow level and thus the alternative 
- that \\QuId impinge nost heavily upon salinities. 

IX-59 



BIBLICGRAPHY 

1. Abbott, W., C. E. Dawson, and C. H. Oppenheimer. "Physical, Chemical 
.and Biological· Characteristics of Estuaries." In: Water and Water· 
FUllution Handbook, edited by L. L. Ciaccio. Vol. 1, W. 51-140. 
MarCel Dekker, Inc., New York. 1971. 

2. Alaska, University, In!jititute of Marine Science. "The Uptake and Utili­
zation of Organic Substances by Marine· Phytoplankton," by J. A. 
Hellebust. In: Symposium on ~anic Matter in Nutrient Waters, edited 
by D. W.' Hood. pp~ 225 256. 970. 

3. Alderdice, D. F. "Factor Combination: Responses of Marine Poikilotherms 
to Environmental Factors Acting in Concert." In: Marine Ecology. 
editedbyO. Kinne, Vol. 1, Part 2, W. 1659-1722. Wiley-Interscience, 
New York. 1972. 

4. Aldrich, D. V., et al. "An Ecological Interpretation of Low Temperature 
Responses in Penaeus aztecus and P. set iferus Postlarvae." Bull. Mar. 
Sci., Vol.' 18, W. 61-71. 1968. 

5. Amemiya, I. "Notes on Experiments on the Early Developnental Stages of 
the Portuguese, American and English Native Oysters, with Special Re­
ference to the Effect of Varying Salinity." J. Mar. BioI.. Assoc. U. K., 
Vol. 14, W. 161-175. 1926. ' 

6. Armstrong, 
Nutrient 
Biennial 
Research 

N. E. and M. O. Hinson. "Influence of Flooding and Tides on 
Exchange from a Texas Marsh." In: Proceedings of the Fourth 

International Estuarine Research Conference. Estuarine 
Foundation. Mt. R>cono, Pennsylvania. 1977. 

7. Arthur, J. F. and M. Ball. "Entrapnent of Suspended Materials in the San 
Francisco Bay-Delta Estuary." U. S. Dept. Int., Bureau of Reclamation. 
Sacramento, California. GFO 789-115/78-5. ,106 p. 1978. 

8. Bayly, I. A. E. "Salinity TOlerance and Osrrotic Behavior of Animals in 
Athalassic Saline and Marine Hypersaline Waters." Ann. Review Ecol. 
and Syst., Vol. 3, W. 233-268. 1972. 

9. Beadle, L. C. "The Effect of Salinity on the Water Content and Respira­
tion of Marine Invertebrates." J. Exp. BioI., Vol. 8 , W. 211-277. 
1931. 

10. 

11 • 

12. 

, ' 

Blum, U., et al. "Photosynthesis 
, Sal t Marshes in North Carolina: 
228-238. 1978. 

and Respiration of S~tina' and, Juncus 
Some M:Jdels." Estuar~es, Vol. 1, w. 

Brezonik, P. L. 
Waters." In: 
J. R. Kramer. 

"Nitrogen: Sources and Transformations in Natural 
Nutrients in Natural Waters, edited by H. C.· Allan and 
W. 1-50. ,John Wiley & Sons, New York. 1972. 

Burrell, D. C., and J. R. Schubel. "Seagrass Ecosystem Oceanography." 
by C. P. McRoy and C. Helfferich. 
New York. 1977. 

In: sea~rass Ecosystems, edited 
pp. 195-2 2. Marcel Dekker, Inc., 

X-1 



13. Bursey ,C. R. and C. 'E. 
duroarum Burkenroad." 
1971. 

BIBLIOGRAPHY (cont' d) 

Lane. 
eanp. 

"Osnoregulation in the Pink Shrinip Penaeus 
Biochem. Physiol., Vol. 39 A, pp. 483-493, 

14. Butler, P. A. "Gametogenesis in the Oyster under Conditions of Depressed 
Salinity." BioI. Bull., vol. 96, pp. 263-269. 1949. 

15. 

16. 

17. 

Butler, P. 'A. 
Gradients." 

"Oyster Growth as Affected by Latitudinal Temperature 
Cbmm. Fish. Rev., Vol. 15, pp. 7-12. 1953. 

Califorriia, University of. "BMD Biomedical Canputer Programs," edited by 
w. J. Dixon, Publications in Automatic Canputation, No.2. University 
of California at Berkley. 600 p. 1970. 

California, Univ. Instit. of Marine 
graphy: Citations to Documents on 
Impact Assessment," by J. Sorensen 
TR-43 Sea Grant Publication No.8. 
1973. 

Resources. "Coastal Zone Biblio­
Planning, Resources Management and 
et al. 133 p. in 2 Fiche. Their 
Prepared for Office of Sea Grant. 

18. California, Univ. Instit. of Marine Resources. "Coastal Zone Biblio-
graphy: Citations to Documents on Planrling, Resources Management and 
Impact Assessment," by B. Jenks et al. 2nd ed. 161 p. Their IMR 
76-8. 1976. 

19. Central Power Ii< Light Caripany. "Further, Studies of. the Effects of Power 
Plant Operation on Cox Bay, Texas," by F. N. Moseley et al. 1975. 

20. Chanley, P. E. "Survival of Some Juvenile Bivalves in water of IDw 
Salinity." Proc. Natl. Shellfish Assoc., Vol. 48, pp. 52-65. 1957. 

21. Chin, E. "The Bait Shriinp Fishery of Galveston Bay, Texas." Trans. 

22. 

Amer. Fish. Soc., Vol. 89, pp. 135-141. 1960. 

Chu, S. ,P. "'ltle Influence' of the Mineral, Canposition of the' Medium on 
'the Growth of Planktonic Algae. Part I: 'Methods and Culture Media." 

.,J. Ecol., Vol. 30, pp. 284-325. 1942. 

23. Coastal Ecosystems Management, Inc. "Environmental Assessment of the 
Trinity River Discharge on Productivity in Trinity Bay," by R. H. 
Parker, D. E.' SoIOllDn, and G. o. Smith. 162 p. Prepared for Fort 
WOrth District, U. S. Corps of Engineers. 1972. . 

24. Coastal Ecosystems Management, Inc. "Environmental Factors Affecting 
Bay and Estuarine Ecosystems of the Texas Coast," by R. H. Parker and 
w. G. Blanton. Report to Humble Oil Co. 182 p. 1970. 

25. Coastal Ecosystems Management, Inc. "Seasonal Assessment of the Rela­
tionships Between the Discharge on ,the Trinity River and the Trinity 
Bay Ecosystem," I;>y D. E. Soloman and G. D. Smith. 147 p. Report to 
the U. S. 'Army Corps of Engineers', Fort W:>rth District. 1973. 

X-2 



BIBLIOGRAPHY (cont' d. ) 

26. Conner, J. and M. Truesdale, "Ecological Inplications of a Freshwater 
Inpoundment in a Low-Salinity Marsh." In: Proceedings of the Second 
SYmPosium of Coastal and Estuary Management, edited by R. H. Chabreck, 
pp. 259-276. , 1972 •. 

27. Conservation Foundation. "The Decline of Galveston Bay: A Profile of 
Government' s Failure to Control Pollution in an Endangered American 
Estuary,~' by J. N. Smith. 127 p.1972. [628. 168/C765D] 

28. Cook, H. L. and M. J. Lindner. "Synopsis of Biological Data on the Brown 
Shrinp Penaeus aztecus aztecus Ives, 1891." FAO Fish. Rept. 4, W. 
1471-1497. 1970. 

29. Cooper, A. W. "Salt Marshes." In: 
united States, Vol. 2, W. 55-98. 
ington, D. C. 1974. 

Coastal Ecolo;Jical Systems of the 
The Conservatlon Foundation, Wash-

30. 

31. 
,'.i 

32 • 

33. 

Cooper, David Clayton. "Responses of Continuous-Series 
eoosystems to Point-Source Input variations." 190 p. 
University of Texas at Austin. 1970. [574.5/C78RE] 

Estuarine Micro­
Thesis (Ph.D.), 

Cooper, D. "River Input Studies Using ContinUOUS-Series 'Microeco-
systems." . Final Report, Galveston Bay Study Program, Texas water 
Quality Board, Austin, Texas. 1970. 

Copeland, B. J. and E. G. Fruh. "Eoological Studies of Galveston Bay, 
. 1969." 482 p. Final Report to Texas water Quality Board. 1970. 

Copeland, 
Texas. 
65-74. 

B. J. and M. V. Truitt. "Fauna of the Aransas Pass Inlet, 
II. Penaeid Shrinp, Postlarvae." Tex. J. Sci., Vol. 18,- W. 
1966. 

34. Copeland, B. J. "Effects of Decreased River Flow on Estuarine Eoology." _ 
J. water Pollution Control Fed., Vol. 38, W. 1830-1839. 1966.~ 

35. Copeland, B. J., et al. "Migrating Subsystems." In: Coastal Ecological 
Systems of the united States. Vol. III, W. 422-453. The Conservation 
Foundation. Washington, D. C. 1974. 

36. Costello, T. J. and D. M. Allen. "Synopsis of Biological Data on the 
pink - Shrinp Penaeus duorarum Burkenroad, 1939. i. FAD Fish. Rept. 4, 
pp. 1499-1537. 1970. 

37. Costlow, J. D., Jr. "The Effect of Salinity and Tenperature on Survival 
and Metamorphosis of Megalops of the Blue Crab, Callinectes sapidus." 
Helgolander wiss. Meeresunters, Vol. 15, W. 84-97. 1967 • 

. 38. Crowe, A. L. "population Dynamics of Two Species of Cornnercial Shrinp 
in Caminada Bay, Louisiana." Proc. Louisiana Acad. Sci., Vol. 38, W. 
86-91. 1975. 

X-3 



BIBLI(x;RAPHY (cont' d. ) 

39. Cruz, A. A. ·de lao "Primary Production of Coastal Marshes in Missis­
sippi." Gulf Res. Rept. 4, pp. 351-356. 1974. 

40. Cruz, A. A., de lao "The lble of Tidal 'Marshes in the Productivity of 
Coastal Waters." Association Southeastern Biology Bulletin, Vol. 20, 
pp. 147-156. 1973. 

41. Cushing, D. The Detection of Fish. Pergarron Press, New York. 200 p. 
1973. 

42. 

43. 

44. 

Dantzig, G. B., Linear Prograrmnin~ and Extensions, Princeton University 
Press, Princeton, New Jersey. 1 63. 

Darnell, R. M. "Organic Detritus in Relation to the Estuarine Eco-
system." . In: Estuaries, edited by G. H. Lauff, Publ. No. 83, pp. 
376-382. Am. Assoc. Advrnt. Sci., Washington, D. C. 1967. . 

Darnell, R. M. "Trophic SpectnnTl of an Estuarine Comnunity, .based on 
Studies of Lake Pontchartrain, Louisiana." Ecology, Vol. 42, pp. 
553-568 •. 1961. 

45. Davis. H. C. "Survival and Growth of Clam and Oyster Larvae at Dif­
ferent Salinities." BioI. Bull. Mar. BioI. Lab., W:Jods Hole, Vol. 114, 
pp. 296-307. 1958. 

46. de Sylva, D. P. "Nektonic Food Webs' in Estuaries." In: 'Estuarine Re­
search, edited by L. E. Cronin, Vol. 1, pp. 420-427. Academl.c Press, 
New York. 1975. 

47. Eleuterius, C •. K.. "Location of the Mississippi Sound Oyster Reefs as 
Related. to Salinity of Bottom Waters during 1973-1975." Gulf. Res. 
Repts., Vol. 6, pp. 17-23. 1977. 

48. Espey, Huston and Associates, Inc. "Developnent and Application of a 
Hydrodynamic Model of the Lavaca and Guadalupe Deltaic Systems," by L. 
M. Hauck et al. Report to the Texas Water Development Board. EH&A 
0163-01. 88 p. 1976. 

49. Espey, Huston and Associates, Inc. "Ecological Studies in Sabine Lake, 
1974-1975," by J. M. Wiersema et al. Technical Report to the Texas 
Water Development Board, 'EH&A Document No. 7644, 242 p. 1976. 

50. Espey, Huston and Associates. "Galveston Bay Project; Addendum to 
Compilation of Water Quality Data Through August, 1972." R. J. Huston 
et al. Subnitted to Texas Water Quality Board. 1973. [628.168/ 
ES6GA.j 

51. Espey, Huston and Associates. "Galveston Bay Project;' Statistical Sum-­
mary of Water Quality Conditions in the Galveston Bay System," by R. 
J. Huston et al. 32 p. Their Document No. 7419, subnitted to Texas 
Water Quality Board. 1974. [628. 168/ES6GA.j 

X-4 



BIBLICGAAPHY (cont I d. ) 

52. Espey, Huston and', AssoCiates. "Hydrological arid Biological'studies of 
the Trinity River Delta." Texas Department of Water Resources, LP-70. 
1978~ 

53. Espey, Huston, and Associates, Inc. "Marsh Biology arid'Nutrient Exchange 
in Three Texas Estuaries," by J. M. Wiersema et al. Report to the 
Texas Department of Water Resources. v.p. 1977. 

54. Espey, Huston and Associates',' Inc. "Marsh Plant Production arid Potential 
Detritus in Lavaca, San Antonio and Nueces Bays," by D. B. Adams et al. 
v .p.' and 3 maps in pocket. Their Document No. 7688. Prepared for 
Texas Water Development Board. 1977. [581.526/ES6M] 

55. Espey , Hu~ton and' Associates, Inc. "Marsh Vegetation of the Colorado 
River Delta, Texas," byD. B. Adams and C. A. Tingley.' Report to the 
Texas Department of Water Resources. 14 p. 1977. 

56. Espey, Huston an ASsociates, Inc. "Phytoplankton Distribution and Can­
munity Structure in 'Trinity Bay, Texas," by B. M. Winsborough and G. 
H. Ward. Paper presented at First Winter meeting of the American 
Society of, Linino;togy and Oceanography, Corpus Christi, Texas. January 
2-5, 1979. 

57. Espey, 'Huston and 'Associates, Inc. "A Study of the Hydrological and 
Nutrient .. Exchange' Processes in the Trinity River Delta, Texas," by D. 
B. Adams and C. A. Tingley. 30 p.' Sutmitted to the Texas Department 
of Water Resources. 1977. 

58. Espey, Huston and Associates. "A Study of the Hydrology and Nutrient 
Exchange Processes in the Trinity River Delta, Texas Data Report," by 
M. M; Jennings; Prepared for Texas Department of Water Resources. 
1978. 

59.' Espey,. Huston and Associates, Inc. "A Study of the Hydrological and 

60. 

61. 

, " 

Nutrient',Exchange Processes' in the Trinity River Delta, Texas, Part I: 
An Investigation of' Nutrient Exchange in the Trinity River Delta," by 
C. E. Belaire and P. T. Price. Prepared for Texas Department of Water 
Resources. ' 1977~ 

Espey, Huston and Associates, Inc. "A Study of the Hydrological and 
Nutrient Exchange Processes in the Trinity River Delta, Texas - Part 

',II: Marsh Habitats and'Primary Production in the Trinity River Delta," 
by D ... , B: Adams." 'Prepared for Texas DePartment of Water Resources. 
1977. 

ESpey: Huston and Associates, Inc. "A Study of the Hydrological and 
Nutrient' Exchange Processes in the Trinity River Delta, Texas, Part 
III:' Development "and Application of Hydrodynamic and Mass Transfer 
Models of, the Trinity Deltaic System," by L. M. Hauck. Prepared for 
Texas Department of Water Resources. 1977. ' 

62.' Espey, Huston'and' ,Associates, Inc. "Trinity River Delta Inundation 
Study," L. M. Hauck and G. Ward. 22 p. Prepared for Texas Department 
of Water Resources; .. 1978. [551.45/ES6T] 

X-5 



BIBLICGRAPHY (cont' d. ) 

63. Espey, Huston and Associates, Inc. Unpublished data, 1975-1976. 

64. Espey, Huston and Associates, Inc. "User's Manual for Hydrodynamic -
Mass Transfer /obdel of Deltaic Systems," by L. M. Hauck. Subnitted to 
Texas Department of Water Resources. 142 p. and Awen. A-E. Austin. 
1978. 

65. Etzold, D. J. and D. C. Williams. "Data Relative to the Introduction of 
Supplemental Freshwater under Periodic Controlled Conditions for the 
Purpose of Enhancing Seafood Productivity in Mississippi and Louisiana 
Estuaries." Mississippi-Alabama Sea Grant Consortium, Ocean Springs, 
Miss. MASGP-74-18. 41 p. 1974. 

66. Fiering, M. B. and B. B. Jackson. S~thetic Streamflows. Water Re­
sources M:>nograph 1, American Geophyslcal Union. 1971. 

67. Foerster, J. W. "The Fate of Freshwater Algae Entering an Estuary." In: 
Estuarine Microbial Ecology, edited by L. H. Stevenson and R. R. 
Colwell. university of South Carolina Press •. 1973., 

68. Fogg, G. E. Algal Cultures and Phytoplankton ECOlogy. 
Wisconsin Press. '1966. 

University of 

69. Ford, Bacon and Davis. "Report on Water Supply for Galveston and the 
Texas City, Texas Industrial Area." 54 p. 1947. [628. 11/F75GI'C] 

70. Fotheringham, N. and S. L. Brunemeister. "Ccmm:>n Marine Invertebrates of 
the Northwestern Gulf Coast." Gulf Publ. Co., Ibuston. 197 p. 1975. 

71. Fruh, E. G. "Evaluation of Water Quality Data, March 1973-June 
Houston Lighting and Power Cedar Bayou Generating Station." 
[628. 168/G95G] 

1976; 
1976. 

72. Geological Society of America, Inc. "Salinity," by A •. S. Pearse.and G. 

73. 

Gunter. In: Treatise on Marine Ecology and Paleoecology, edited by J. 
W. Hedgpeth. Memoir No. 67, pp. 129-157. 1957. 

Georgia Department of Natural Resources. "Seatrout 
Cynoscion in Coastal Waters of Georgia," by R •. K. Mahood. 
Series No. 26, 36 p. 1974. 

of. the Genus 
Contributing 

74. Georgia Game & Fish Comnission, Coastal Fish. Div. "A Report on the C0-
operative Blue Crab Study--South Atlantic States," by R. Mahood et al. 
Contrib. Series No. 19, pp. 1-32. 1970. 

75. Georgia, University, Marine Science Center. "Seasonal Measurements of 
Carbon, Nitrogen, Ash, Iron, Carbohydrates, and Pigments from Ge0-
graphically Different Spartina alterniflora Marshes in the Southeast," 
by G. L. McIntire and W. M. Dunston. Technical Report No. 76-5. 
1976. 

76. Gillard, R. M. "An Ecological Study of Oyster Population, Including 
. Selected Associated Organisms in West Bay, Galveston, Texas.'" M. S. 
Thesis. Texas A & M University, College Station, Texas. 136 p. 1969. 

X-6 



BIBLIOORAPHY (COpt' d. ) 

77. Green, J. "The Biologic of Estuarine Animals." University of Wasqingto~ 
Press, Seattle. 401 p. 1968. 

78. Guci~ki, H. "A Note on the Relation of Size to Eoological Value of Some 
Estuaries, Vol. 1,W.151-156. 1978. Wetlands. " 

79. Gulf Coast Research Laboratories. "The Shrimp Fishery of tqe Gulf of 
Mexi(X) united States: A Regiopal Management Plan," by J, Y. Christmas 
and D. J. Etzold, editors. Techpical Reports series No • .2, 128 p. 
1977. 

80. Gulf Coast Waste Disposal Authority. "Galveston Bay Project-Implementa­
tion of the Water Quality Management Plan of the Galveston Bay Project 
Water Quality Managemel1t Plan," 50 p. Report to rexas Water Qual,ity 
Board •. 1974; [628, 168/G95Gl ' . 

81. 

82. 

Gulf Coast Waste Disposal Authority. "A Report to tqe Texas WOlter 
1974. Quality Board on Galveston )3ay Project Problem Areas.!' 32 p. 

[628. 168/G95Rl ' 

Gulf States Marine Fisheries Comnission. 
(Genus Cynoscion) of the Gulf of Mexioo," 
Technical Summary 1, W. 1-40. 1958. . . . 

"The Seatrout or Weakfishes 
by W. C. Guest and. G. Gunter. 

83. Gulf States Marine Fisheries.Comnission. "The Shrimp Fishery of the Gulf 
of Mexioo: Biological Notes and Reoomnendations," by A. Collier et al. 
Information Se):ies No.2, 5 'P. 1959. . .. 

84. Gulland, J. A. "Survival of the Youngest Stages of Fish, and its Relation 
to Year-Class Strength." ICNAF Special, Publication 6, W. 363-371. 
1965. 

85. Gunter, G. and G. E., Hall "Biological Investigiltions' of the St. Lucie 
Estuary (FloridCi) in Connection with Lake Okeechobee Discharges through 
the St. Lucie Canal." Gulf R~S~ Rept., Vol. 1, W, 189-307. 1963. 

86. Gunter, G. "Death of Fishes Due to Cold on the Texas Coast, January, 
1940." Eoology, Vol. 22, W. 203-208. 1941. 

87. Gunter, G. and H. H. Hildebral1d. "Destructiol1 of Fishes and Other 
Organisms on the South Texas Coast by the Cold Wave of January 28 -
February 3, 1951." Ecology, Vol. 32, W. 731-736. 1951. 

88. Gunter, G. "Gulf Fisheries." In: The Encyclopedia of Marine Resources, 
edited by F. E. Firth. W. 289-294. Van Nostrand Reinhold Co., New 
York. 1969. 

89. Gunter, G. "Habitat of Juvenile Shrimp (family penaeidae)." Ecology, 
Vol. 42, W. 598-599. 1961. ' , ' 

90. Gunter, G. "The Importance of Catastrophic Mortalities for Marine Fish­
eries Along the Texas Coast." Journal of Wildlife Management, Vol. 16, 
pp. 63-69. 1952. 



BIBLI(x;RAPHY (cont' d. ) 

91. Gunter, G. "Mortality of Oysters and Abundance of Certain Associates as' 
Related to Salinity." Ecology, Vol. 36, !=p. 601-605. 1955. 

92. Gunter, G. "Predominance of the Young among Marine Fishes found in 
Freshwater." Copeia, Vol. 1, !=p. 13-16.' 1957. 

93. Gunter, G. "Some Relationships of Estuaries to the Fisheries of the Gulf 
of Mexico." In: Estuaries, edited by G. H. Lauff. Publ. N:>. 83, !=p. 

621-637. Am. Assoc. Mvrnt. Sci. 1967. 

94. Gunter, G. "Some Relations of Estuarine Organisms to Salinity." Limnol. 
Oceanogr., Vol. 6, !=p. 182-190. 1961. 

95. Gunter, G. and J. C. Edwards. "The Relation of Rainfall and Freshwater 
Drainage to the Production of the Penaeid Shrimps (Penaeus fluviatilis 
Say and Penaeus aztecus Ives) in Texas and Louisiana Waters." FJ\O 
Fish. Rept. 57, !=p. 875-892. 1969. 

96. Gunter, G. and H. H. Hildebrand. "The Relation of Rainfall of the State 
and Catch of the Marine Shrimp (Penaeus setiferus) in Texas Waters." 
Bull. Mar. Sci.~ Gulf and ~arib., Vol. 4, !=p. 95-103. 1954. 

97. Gunter, G., et al. "A Review of Salinity Problems of Organisms in united 
States Coastal Areas Subject to the Effects of Engineering Works." 
Gulf Res. Repts., Vol. 4, !=p. 380-475. 1974. 

98. Gunter, G. "Seasonal variations in Abundance of Certain Estuarine and 
Marine Fishes in Louisiana, with Particular Reference to Life 
Histories." Ecol. Monogr., Vol. 8, !=p. 313-346. 1938. 

99. Gunter, G. "Some Relations of Faunal Distributions to Salinity in 
Estuarine Waters." Ecology, Vol. 37, !=p. 616-619. 1956. 

100. Gunter, G., et al. "Some Relations of Salinity to Population Distribu­
tion of Motile Estuarine Organisms with Special Reference to Penaeid 
Shrimp." Ecology, Vol. 45, !=p. 181-185. 1964. 

101. Gunter, G. and W. E. Shell. "A Study of 
Level Control in the Louisiana Marsh." 
Vol. 21, pp. 5-34. 1958. 

an Estuarine Area with Water­
Proc. Louisiana Acad. Sci., 

102. Guyton, W. F. & Associates. "Ground-Water Conditions in the Galveston 
. Bay Area-Harris, Galveston, and Chambers Counties, Texas." 40 p. Pre­
pared for Texas Water Quality Board. 1972. [551.49/G99G] 

103. Hackney, C. T. and A. A. de La Cruz. "Changes in Interstitial Water 

104. 

Salinity of a Mississippi Tidal Marsh." Estuaries, Vol. 1, pp. 
185-188. 1978. 

Hackney, C. and O. Hackney. "The Effect of River Flow on the 
of ~ite Shrimp (Penaeus setiferus) in a Georgia Estuary." 
E. Biol._Bull., VOl.19;'72 p. 1972. 

X-8 

Production 
Assoc. S. 



BIBLIOGRAPHY (cent' d. ) 
. l 

105. Haines, E. B. "Nitrogen Pools in Georgia Coastal waters." Estuaries, 
Vol. 2, pp. 33-39. 1979. 

106. Haines, E. B. "On the Origin of Detritus in Georgia Salt Marsh 
Estuaries." Oikos, Vol. 29, pp. 254-'260. 1977. 

107. Hall, C. A. A. et al. "Material Exchange Between the Flax Pond Marsh 
. Systems and Long Island Sound." In: Proceeding of the 'l11ird Biennial 

International Estuarine Research Conference. Galveston, Texas. 1976. 

108. Hann, C. T. "Statistical Methods in Hydrology." 378 p. Iowa State 
University Press at Ames. 1977. 

109. Hansen, D. V. "Currents and Mixing in the CoIUllt>ia River Estuary." 
Ocean Sci. and Ocean Eng., Trans. Joint Conf. Marine Tech. Soc., Amer. 
Soc. Lirnncil. and Oceanogr., pp. 943-955. 1965. 

110. Hayes, M. O. "Sedimentation on a Semiarid, Wave-Ibminated Coast (South 
Texas) with Emphasis on Hurricane Effects." Ph. D. Dissertation. 
University of Texas at Austin. 350 p. Austin, Texas. 1965. 

111. Hedgpeth, J. W. "Eoological Aspects of the Laguna Madre, a HyPersaline 
Estuary." In: Estuaries, edited by G. H. Lauff. Publ. N:>. 83, pp. 
408-419. Am. Assoc. Mvrnt. Sci. 1967. 

112. Heinle, D. R. et al. "Contribution of Tidal Marshes to Mid-Atlantic 
Estuarine Food Chains." In: Estuarine Processes, edited by M. Wiley, 
Vol. 2, pp. 309-320. Academic Press, New York. 1977. 

113. Hidu, H. and H. H. Haskin. "swinrning Speeds of Oyster Larvae Crassostrea 
virginica in Different SaJ.inities and Temperatures." Estuaries, Vol. 
1, pp. 252-255. 1978. 

114. Hildebrand, H. H. 
de Tamaulipas. 

Estudios Biologioos Preliminares'Sobre la Laguna Madre 
Ciencia (Mexioo), Vol. 17, pp. 151-173 •. 1958. 

115. Hildebrand, H. H. and G. Gunter. "Correlation of Rainfall with Texas 
Catch of White Shrimp, Penaeus setiferus (Linnaeus)." Trans. Amer. 
Fish. Soc. Vol. 82, pp. 151-155. 1953. 

116. Hinrnelblau, D. M. Applied Nonlinear Programming. M(j;raw-Hill, Inc., New 
York. 1972. 

117. Hjort, J. "Fluctuations in the Great Fisheries of Northern Europe Viewed 
in the Light of Biological Research." Rapp. Proc. Verbaux, Vol. 20,. 
pp. 1-228. 1914. 

118. Holliday, F. G. T. 
Teleosts." In: 
Randall, Vol. 1, 

. "The Effects of Salinity on the Eggs and Larvae of 
Fish Physiology, edited by N. S. Hoar and D. J. 

pp.,293-311. Academic Press, New York. 1969. 

X-9 



BIBLICGRAPHY (oont' d. ) 

119. Holliday, F. G. T. "Salinity: Fishes."In: Marine Ecology, edited by 
o. Kinne, Vol. 1, Environmental Factors, Part 2 Salinity, w. 997-1033. 
Wiley-Interscience, New York. 1971. 

120. Heese, H. D. "Biotic Changes in a Bay Associated with the End of a 
Drought." Limnol. Oceanogr., Vol. 5, W. 326-336. 1960. 

121. Hoese, H. D. et al. "Fauna of the Aransas Pass Inlet, ,Texas. -III; Diel 
and Seasonal Variations in Trawlable Organisms of the Adjacent Area." 
Tex. J. Sci., Vol. 20, W. 34-60. 1968. 

122. Heese, H. D. and R. H. Mxlre. "Fishes of the Gulf of Mexioo, Texas, 
Louisiana and Adjacent Waters." Texas A & M University Press, College 
Station, Texas. 337 p. 1977. 

123. Hoese, H. D. "Spawning of Marine Fishes. in the Port Aransas, Texas Area 
as Determined by the Distribution of Young and Larvae." Ph. D. Dis­
sertation, Univ. Tex., 144 p. 1965. 

124. Hoss, D. E. and D. S. Peters. "Respiratory Adaptation: Fishes." In: 

125. 

126. 

Estuarine Processes, edited by M. Wiley, Vol. 1, W. 335-346. Academic 
Press, New York. 1976. 

Houston, University, Department of Civil Engineering. 
Planning for the Houston-Galveston Region." Seminar, 
[333.91jH81W] 

"water Resources 
January 18, 1971. 

Bernard Johnson Engineers, Inc. 
Corrective Measures." Prepared 
1974. [628. 168/J62GA] 

"Galveston Bay Project Alternative 
for Texas Water Quality BOard. 3 Vols. 

127. 'Bernard Johnson Engineers, Inc. "Galveston Bay 'Project: Regional 
Systems Task, Phase 1; Problem Definition, First Statement on Existing 
Waste Loads and General Effects on Major Receiving Waters." 61 p. 
1971. [628. 168/J62G] 

128. Bernard Johnson Engineers, Inc. "Galveston Bay Project Water Quality 
Management Plan." Prepared for Texas Water Quality Board. 48 p. 
1974. [628. 168/J62GWj 

129. Bernard Johnson Engineers, Inc. "Water Pollution Control Act of 1972, 
Reg ional Impact: Houston Ship Channel/Galveston Bay." Prepared for 

'the National Commission on Water Quality. 3 Vbls. in 10 Fiche. 1975. 
[FICHE/P8252/460] 

130. Jordan, D. S. and C. H. Gilbert. "Notes on Fishes Observed about Pensa­
cola, Florida and Galveston, Texas with Description of New Species." 
Proc. u. S. Nat. Mus., Vol. 5, W. ,241-307. 1882. 

131. June, F. C. and L. Chamberlin. "The Role of an Estuary in the Life 
History of the Atlantic Menhaden." Proc. Gulf and Caribbean Fish. 
Inst., Eleventh Annual Session. pp. 41 45. 1959. 

X-l0 



BIBLI(x;RAPHY (cont' d. ) 

132. Kerr, P. C. et al. "The Carbon Cycle in Jlguatic Ecosystem." In: 
Nutrients in Natural Waters, edited by H. Allen and J .R. ,Kramer, pp. 
101-124. John Wiley & Sons, New York. 1972. 

133. Ketchum, B. H. "Eutrophication of Estuaries." In: Eutrophication: 
Causes, Consequences, Corrections. . National Academy of Sciences. 
washington, D. c.. 1969. 

134. Khlebovich, V. V. "Aspects of Animal Evolution Related to Critical 
-Salinity and Internal State." Mar. Biol., Vol. 2, pp. 338-345. '1969., 

135. Kjerfve,- B. and J. E. Greer. "Hydrography of the Santee River during 
Moderate Discharge Conditions." Estuaries, Vol. 1 , No.2, pp. 111-119. 
1978. 

136. Kikuchi, T. and J. M. Peres. "Consumer Ecology of Seagrass Beds." In: 
" Seagrass Ecosystems, edited by C. P. Mcroy and C. Helfferich. pp. 

'147-193. Marcel Dekker, Inc., New York. 1977. 

137. 'Kinne, 0, "Adaptation to Salinity Variations - Sane Facts and Problems." 
'In: Physiological Adaptation, edited' by C. L. Prosser. pp. 92-106. 
Amer. Phys. Soc., Washington, D. C. 1958. 

138. Kinne, O. "Physiology of Estuarine Organisms with Special References to 
Salinity and Tempeature." In: Estuaries, edited by G.' H. Lauff. 
pp. 525-540. Am. Assoc. Jldvrnt. Sci. Publ. No. 83. 1967. 

139,' Kinne,O. "Salinity: Invertebrates." In: Marine Ecology, edited by 
O. Kinne, Vol. 1, Environmental Factors, Part 2 Salinity, pp. 821-995. 
Wiley-Interscience, New York. 1971. 

140. Kirby-Smith, W. W. "The Detritus Problem and the Feeding and Digestion 
of, an Estuarine Organism." In: Estuarine Processes, edited by M • 

. Wiley, Vol. 1, pp. 469-479. Academic Press, New York. ' 1976. 

141. Kjelson, M. A. and D. R. Colby. "The Evaluation and Use of Gear Effi-
," cienices In the Estimation of, Estuarine Fish Abundance." In: 

Estuarine Processes, edited by M. Wiley, Vol. 2, pp. 416-424. Academic 
Press, New York. 1977. . . 

142. Kramer, James R. "Phosphorus:. Analysis of Water, Biomass, and Sedi­
ment." In: Nutrients in Natural Waters, epited by Herbert Allen and 
James R. Kramer, pp. 51-100. John Wiley & Sons, New York. 1972. 

143. Kushlan, J. A. "Environmental Stability and Fish Canmunity Diversity." 
Ecology, Vol. 57, pp. 821-825. 1976. 

144. Kutkuhn, J~ H. "The Role of Estuaries in the Development and Perpetua­
tion of Comnercial Shrimp Resources." In: A Symposium on Estuarine 
Fisheries, edited by R. F. Smith, pp. 16-36. Amer. Fish. Soc., Spec. 
Publ; No.3. 1966. 

X-ll 



BIBLIOGRAPHY (cont I d. ) 

145. Laird, C. M. and P. A. Haefner, Jr. "The Effects of Intrinsic and 
Environmental Factors on the Oxygen Consumption of the Blue Crab, 
Callinectes sapidus Rathbun." J. Exp. Mar. BioI. Ecol., Vol. 22, FP. 
171-178. 1976. 

146. Lakshmi, G. J., et al. "Effects of Salinity and Photoperiod on the 
Burying Behavior of Brown Shrimp Penaeus aztecus Ives." Aquacul ture, 
Vol. 8, FP. 327-336. 1976. 

147. Lambert, W. P. and E. G. Fruh, "A Methodology for Investigating Fresh­
water Inflow Requirements for a Texas Estuary." In" Estuarine Inter­
actions, edited by M. L. Wiley, FP. 403-413. Academic Press, New York. 
1978. 

148. Lange, R., et al. "The Effect of Salinity and Temperature on Solubility 
. of . Oxygen and Respiratory Rate in Oxygen-dependent Marine Inverte­
brates." J. ~Mar. BioI. Ecol., Vol. 9, FP. 217-229. 1972. 

149. Lasserre, P. "Osrroregulatory Responses to Estuarine Conditions: Chronic 
Osrrotic Stress and Competition." In: Estuarine Processes, edited by 
M. Wiley, Vol. 1, FP. 395-413. Academic Press, New York. 1976. 

150. Laughlin, R. A., et al. "Field and Laboratory Avoidance Reactions by 
Blue Crabs (Callinectes sapidus) to Storm Water Runoff." Trans. Ainer. 
Fish. Soc~, Vol. 107, FP. 78-86. 1978. 

151. Lindner, M. J. and H. L. Cock. "Synopsis of BiolCXjical Data on the W1ite 
Shrimp Penaeus setiferus (Linnaeus)· 1767." Fl\O Fish. Rept. 4, FP •. 
1439-1469. 1970-.--

152. 

153. 

Lockheed Eletronics Co., Inc. 
Measurements of Water Bodies 
p. 1973. [551.028/L81Aj 

"An Assessment of the Accuracy of Areal 
using ERrSI MSS Data," by J. F. Paris. 13 

Loc~, Andrews and Newnam, Inc. 
ton Bay Shipping Study." 40 p. 
and. Harris County Houston Ship 
[628. 168/L81Ej 

. "An Engineering Report on the Galves­
Prepared for Texas Water Quality Board 
Channel Navigation District. 1970. 

154. I.6c~, M. G. and H. P. Carothers. "Tidal Inlets for Preservation of 
Estuaries." Amer. Soc. Civil Eng., Env. Eng. Conf., Dallas, Texas. 
pp. 1-15. 1967. 

155. Loosanoff, V. L. "Behavior of Oysters in Water of Low Salinities." 
Proc. Natl. Shellfish Assoc., Vol. 135, 51 p. 1952. 

156. Loosanoff, V. L. "Gonad Develor;ment and Discharge of Spawn in Oysters of 
Long Island Sound." BioI.· Bull. Mar. BioI. Lab., Woods Hole, Vol. 129, 
pp. 546-561. 1965. 

157. Louisiana Department of Wildlife and Fisheries. "1977 Environmental Con­
ditions Relative to Shrimp Production in Coastal Louisiana along with 

X-12 



BIBLIOORAPHY (cont'd.) 

ShI.':i,Jnpcatch Data for the Gulf of Mexico," by B. B. Bar-rett and E; .J~ 
~~ph, -~Cn!licai BulletinNo. 26. 16p., 1977:, . -" ." .' ~ 

158, Ipu!sj,~ State University. "Ecological Irrplications of a Freshwatej:- 1m­
P.QlL~nt in a LcM-salinity Marsh," by .:1;. V. Conner and f, M •. ~es,.. 
(jale. :J:n: Proceedings, Second Symposium, Coastal' Marsh and Estuary 
M<lr\a~ement, edited' by R. H. ChabreCk, w. 259.276. 1973 •...... "' 

159.. Lou!f?!~na ~tqte University. "Nutrient Levels and Phytoplankton' Pro-
ductivity in the Estuary," by R. B. williams. In: proceedings of the 
S.econd Coastal Marsh and Estuary Management Symposium, edited by R. !l. 
Cnabtedf' .. • 59.,,89. 1973.' .. - - . ..... -.- ... ' PP. _. 

l~O,Lg~!§!ana State Univ~rsity, Baton Rouge. "Finfish Productivity in ." ~ - - .' -- - , " 

Coastal Marshes and Estuaries," by M.· L. wiley et a1. In: Proc. , 
SeconaSymposiUm,-cOastal Marsh and Estuary Mi:tnagement, edited byR. Fl, 
Chal5reck, W. 139-"150.' '1973. .. ... . 

161. Lolll$iAna S~at:e 9!l!v~rsity, Baton Rouge. "The. Inpact on Est;uarie~ and 
Ma,r!lh~s gf MoCiHytng Tributary Ruooff," by C. R. Chapnan. In: Pro­
ceedings, Second Symposium, Coastal Marsh and Estuary Manag~, 
~cntedby R. H.' Chc!t;>reck,' W. 235 258. 197~. . 

162. Lolltsta,na Stgte TJnive!,'§j,ty, B?ton Rouge. "Shellf~s~ and CrustaceaI') Pur 
ductivi ty in Marshes and Ept:uaries," by L. S. St. Amant. In: Proceed..., 
ings, Second Symposium, Coastal Marsh and Estuary Management, edited I?Y 
R. H. -GhaJ:'jrEiCk;pp. 151-'161. 1973. . . 

163. Louisiana State University, Baton Rouge. "The Inportance of Vasculcll:' 
Plant [)etrj.tus to Estuaries," by W. E. n:lum e.t al. In: Prec., Second 
Symposium, Coastal Marsh and Estuary Management, ec'!!ted by R, :H, 
ChapreGK,--pp. 91.114. 1973. . - -

164~ Ipuisj.qna State Uni versi ty, Baton Rouge. "Some Trophic Re:tati()nships of 
Marsh an9 E;$tuarine Area," by J. W. Day et a1. In: Pmc., Second 

,Symposium, Coastal Marsh and' Estuary M,:nagement, edited:by R,' H. 
Chabreq<, W. 115-,135, 1973. 

165. Louisiana Wildlife and Fisheries Conrnission. "Analysis and 'rre.atment: of 
Zooplankton of Estuarine Waters of Louipiana. Phase IV ,~<::t:ion J;I," 
by M. C. Gil:tespie. -In: Cooperative Gulf of Mexico Estuarine Inven..., 
to .. ry and Study, w. 107-175.' 1971, -

166. 

1 E!7. 

Louisiana wtldlife and Fishe.ries Conrnission. 
i ty ChangeS and Oyster Distribution," I::1y V. 
Bulletin No. 20, 22 p. 1976. 

"Barat~ria Basin: ~a,H!l'" 

R. Sickle et a:t. TE!<::hnj.CAl 
. -. -. 

Louisiana Wildlife and Fisheries 
FlOOd waters on BrONn Shrinp in 
Technical Bulletin No. 16, 24 p. 

Conrnission. !'Effects of 1973 River 
Louisiana Estu?de~;;'--by c, 'Jj; Wh!t~: 

1975. 

X-13 



BIBLI03RAPHY (cant' d. ) 

168. Louisiana Wildlife and Fisheries Corrmission."Primary Factors which 
Influence Corrmercial Shrirrp Production in Coastal Louisiana," by B. B. 
Barrett and M. C. Gillespie. 26 p. 1973. 

169. Louisiana wildlife·and Fisheries Commission, Oysters, Water Bottoms, and 
Seafood Division. "Investigations of Commercially Irrportant Penaeid 
Shrirrp in Louisiana Estuaries," by W.J. Gaidry and C.J. White. Tech­
nical Bulletin No.8, 154 p. 1973. 

170. Lynch, M. P. and L. Vb:ld. "Effects of Environmental Salinity on Free 
Amino Acids of Crassostrea virginica." Canp. Biochem. Physiol., Vol. 
19, pp. 783-790. 1966. 

171. Mackenzie, C. L., Jr. "Developnent of an Aquacultural Program for Re­
habilitation of Damaged Oyster Reefs in Mississippii." Mar. Fish. 
Rev., Vol. 39, pp. ,1-33. 1977. 

172. Mansueti, R. J. "Restriction of Very Young Red Drum, Sciaenops ocellata, 
to Shallow Estuarine Water of Chesapeake Bay during Late Autumn." 
Chesapeake Sci., Vol. 1, pp. 207-210. 1960. 

173. Masch, Frank D., and Associates. "Tidal Hydrodynamic and Salinity fobdels 
for San Antonio & Matagorda Bays, Texas." 130 p. Report to the Texas 
Water Developnent Board. 1971. [333.9/M37T] 

174. Masch, Frank D., and Associates. "Tidal Hydrodynamic and Salinity fobdels 
for Coastal Bays, Evaporation Considerations," by R. J. Brandes and F. 
D. Masch. Report to the Texas Water Developnent Board. 40 p. Austin, 
Texas. 1972. 

175. May, R. C. "Larval Mortality in Marine Fishes and the Critical Period 
Concept." In: The Early Life History of Fish, edited by J. H. S. 
Blaxter, pp. 3-19. Springer-Verlag, New York. 1974. 

176. McCombie, A. M. "Factors Influencing the Growth of Phytoplankton." J. 
Fish. Res. Bd. Car., Vol. 10, pp. 253-282. 1953. 

177. McFarland, W. Nand B. D. Lee. "Osmotic and Ionic Concentrations of 
Penaeidean Shrirrps of the Texas Coast." Bulletin Marine Science, Gulf 
Carib., Vol. 13, pp. 391-417. 1963. 

178. 

179. 

180. 

McHugh, J. L. "Estuarine Fisheries: 
, Processes, edited by M. Wiley, Vol. 

Are they docmed?" In: Estuarine 
1, pp. 15-27. Academic Press, New 

York. 1976. 

McHugh, J. L. "Estuarine Nekton." In: Estuaries. edited 
Lauff, pp. 581-620. Amer. Assoc. Advrnt. Sci., Publ. No. 83. 
C. 1967. 

by G. H. 
Wash., D. 

McHugh, J. L. "Management of Estuarine Fisheries." In: A 
Estuarine Fisheries, edited by R. F. Smith, pp. 133-154. 
Soc., Special Publication No.3. 1966. 

Symposium on 
Amer. Fish. 

X-14 



BIBLIOGRAPHY (cont I d. ) 

181. McRoy, c. P •. and C. McMillan. "Production Ecology and Physiology of 
Seagrasses." In: Seagrass Ecosystems, edited by C. P. McRoy and C. 
Hellferich, FP. 53-87. Marcel Dekker; Inc.~ New York. 1977. 

182. Meinzer, O.,E. Hydrology. D:>ver Publication, Inc., New York. 1942. 

183. Iobseley, F. N. and B. J. Copeland. "Brine Pollution System." In: 

184. 

185. 

Coastal Ecol~ical srstem·of the United States. Vol. III, pp. 342-352. 
~e Conservatlon Foundation, Washington, D.C. 1974. 

National Field Investigations Center. 
Shellfish Harvesting in Galveston Bay, 
Colorado. 1971. 

"Report on Pollution Affecting 
Texas. " 218 p. NFIC, Denver, 

Nestler, J. "Interstitial 
Spartina alterniflora." 
pp. 707-714; 1977. 

Salinity as a Cause of Ecophenic Variation in 
Estuarine and Coastal Marine Science, Vol. 5, 

186. North Carolina State University, Pamlico Marine Lab. "Sane Envirorunental 
Limits of Six Important Galveston Bay Species," by B. J. Copeland and 
T. J. Bechtel, 108 p. Their Contribution No. 20. RepOrt to Galveston 
Bay Study Program, Texas Water Quality Board. 1971. [574.92jN81S] 

,. 
187. 

188. 

189. 

Odum, E. P. "Fundamentals of Ecology" (3rd Edition). W.· B. Saunders 
Co., Philadelphia. 574 p. 1971. 

Odum, E. P. "Halophytes, Energetics and Ecosystems." In:. ECOl~ of ,,; 
Halophytes, edited by R. J. ReiIrold and W. H. Queen, FP~ - 02. 
Academic Press, N. Y. 1974. 

Odum, E. P. and A. A. de la Cruz. "Particulate 
Georgia Salt Marsh-Estuarine Ecosystem." In: 
Association for the Advancement of Science, 
Washington, D. C. 1967. 

Organic Detritus in a 
Estuaries, American 

Publication No. 83. 

, . 

190. Odum, H. T. "Biological Circuits and the Marine Systems of Texas."In: 
Pollution and Marine Ecology, edited by T. A. Olson and F. J. Burgess, 
pp. 99-157. J. Wiley Interscience, New York. 1967. 

191. Odum, H. T. Environment, Power, and Society. Wiley Interscience, New 
York. 1971. 

192. Odum, H. T. "Factors Controlling Marine Invasion into Florida Fresh-
water." Bull. Mar. Sci. Gulf and Carribean, Vol. 3, y;:p. '134-156. 
1953. 

193. Odum, W. E. "Insidious Alteration of the Estuarine Envirorunent." Trans. 
Amer. ]"ish. Soc., Vol. 99, pp. 836-847. 1970. 

194. Oppenheimer, C. H. and B. Brogden. "The Ecology of a Texas Bay." In: 
Harvesting Polluted Waters, edited by O. Devik, pp. 237-279. Plenum 
Press, New York. 1974. 

X-15 



BIBLIOGRAPHY (cont I d. ) 

195. Orlob, G. T. "Impact of Upstream Storage and Diversions on Salinity 
Balance in Estuaries." In: Estuadne Processes, edited by M. Wiley. 
Vol. 2, w. 3-17. Academic Press, New York. 1977. 

196. Overstreet, 
ocellata, 
131-135. 

R. M. and R. W. Heard. "Food of the Red Drum, Sciaenops 
from MississiWi Sound." Gulf Res. Rep., Vol. 6, W. 

1978. 

197. Overstreet, R. M. "Marine Maladies: Worms, Germs, and other Symbionts 
fran the Northern Gulf of Mexico." MississiWi-Alabarna Sea Grant Con­
sortium, MASGP-78-021. 140 p. 1978. 

198. Palmisano, A. W. "The Effect of Salinity on the Germination and Growth 
of Plants Important to Wildlife in Gulf Coast Marshes." Proc. South­
east Assoc. Fish Game Comm., Vol. 25, W. 215-228. 1972. 

199. Parker, R. H. "Changes in the Invertebrate Fauna, A{:Parently Attribut­
able to Salinity Changes, in the Bays of Central Texas." J. Paleont., 
Vol. 29, W. 193-211. 1955. 

200. Perkins, E. J. "The, Biology of Estuaries and Coastal waters." Academic 
Press, New York. 1974. 

201. 

, . 

Peters, D. S. and M. A. Kjelson. "Consumption and Utilization of Food by 
Various Post Larval and Juvenile Fishes of North carolina Estuaries." 
In: Estuarine Research, edited by L. E. Cronin, Vol. 1, W. 448-472. 
Academic Press, New York, 738 p. 1975. 

202. Pettitt, J. M. and R. H. Dutton. "LilTlTK)logical Theses and Dissertations 
Concerning Texas waters, 1897-1976." Tex. J. Sci., Vol. '28, W. 
295-338. 1977. 

203. Phleger, C. F. "Effect' of Salinity on Growth of Salt Marsh Grass." 
Ecology, Vol. 52, W. 908-911. 1971. 

204. Pomeroy, L. R., et al. "Nutrient Flux in Estuaries." In: Nutrients and 
E Eutrophication: The Limiting-Nutrient Controversy. Special 
Symposium, Vol. 1, W. 274-291. American, Society of LilTlTK)logy and 
Oceanography. 1972. 

205. Price, W. A. "Dynamic Environments: Reconnaissance MaWing, Geologic 
and Georrorphic of Continental Shelf of Gulf of Mexico." Gulf Coast 
Assoc. Geol. Soes. Trans., Vol. 4, W. 75-107. 1954. 

206. Reid, G. K., Jr. "Ecological Investigations in a Disturbed Texas Coastal 
Estuary." Texas. Jour. Sci., Vol. 8, W. 296~327. 1956. 

207. Reid, G. K. and R. D. W:Jod. "Ecology of Inland Waters and Estuaries." D. 
Van Nostrand Co., New York. 485 p. 1976. 

208. Reid, G. K., et al. "Summer Foods ,of Some Fish Species in East Bay, 
Texas. " Southwest Natl., Vol. 1, W. 100-104. 1956 

X-16 



BIBLI(X;RApHY (cont' d. ) 

209. Reid, G. K., Jr. "A Summary Study of the Biology and Ecology of East 
Bay, Texas. Part II: The Fish Fauna of East Bay, the Gulf Beach and 
Summary." Tex. Jour. Sci., Vol. 7, pp. 420-453. 1955. 

210. Reimold, 
Grass, 
4, pp. 

R. J. "The Movement of Phosphorus through the Salt Marsh Cord 
Spartina alterniflora Loisel." Limnol. Oceanogr., Vol. 17, No. 
606-611. 1972. 

211. Reimold, R. J., et al. "Detritus Production in Coastal G€orgia Salt 
Marshes." In:' Estuarine Research, edited by L. E. Cronin', Vol. 1, pp" 
217-228. Academic'Press, New York, 738 p. 1975. 

212. Remane, A. "Die Brackwasserfauna." verh. dt. zool. Ges., Vol. 36, pp. 
34-74. 1934. 

213. Renfro, W. C. "Survival and Migration of Freshwater Fishes' in Salt 
Water." Tex. J. ,Sci., Vol. 11, pp. 772-780. 1959. 

214. Rice University, Rice Center for Comnunity Design and Research, "Export 
of Food Materials from Marshes to Bays, Chambers County," by R. B. 
Borey, P. A. Harcombe and F. M. Fisher. In: Environmental Analysis for 
Developnent Planning, Chambers County, Texas. Technical Report Vol. 
7, Environmental Analysis Case Study Applications and Selected Tech-
nical Papers. pp. 152-164. 1976. ' 

215. Ricker, W. E. "Conputation and Interpretation of Biological Statistics 
of Fish Populations." Fish. Res. Ed. Canada, Bulletin No. 191. 382 p. 
1975. 

, " 

216; Ricker, W. E. "Linear Regressions in Fishery Research." J. Fish. Res. 
Ed. Canada, Vol. 30, No.3, pp. 409-434. 1973. 

217. Rose, C. D. and E. Heath. ''Viability of American oyster, Crassostrea 

218. 

virginica, Spermatozoa Exposed to Stress." Estuaries, Vol. 1, pp. 
245-251. 1978. 

Rounsefell, G. A. "Ecology, utilization, 
Fishes." The C. V. Mosby Co., St. Louis. 

and Management, of Marine 
516 p. 1975. 

219. Ryther, J. H. "The Measurement of Primary Production." Limnol. and 
Oceanogr., Vol. 1, pp. 72-84. 1956. 

220. Ryther, J. H. and W. M. Dunstan. "Nitrogen, Phosphorus and Eutrophica-

221. 

222. 

tion in the Coastal Marine Environment. Science, Vol. 171, pp. 
1008-1013. 1971. 

Sabins, D. S. and F. M. Truesdale. 
Immature Fishes in a Louisiana Tidal 
Southeastern Assoc. Game Fish Ccmn., 

"Diel and Seasonal Occurrence of 
Pass." In: Proc. 28th Ann. Conf. 
pp. 161-171. 1974. 

Saila, S. B. 
Systems. " 
473-493. 

"Some Aspects of Fish Production and Cropping in Estuarine 
In: Estuarine Research, edited by L. E. Cronin, 'Vol. 1, pp. 

1975. 

X-17 



BIBLICGRAPHY (cont'd.) 

223. Sandoz, M. and R. lbgers. "The Effect of Environmental Factors on Hatch­
ing, Molting, and Survival of Zoea Lavae of Blue Crab, Callinectes 
sapidus Rathbun." Ecology, Vol. 25, FP. 216-218. 1944. 

224. San Jacinto River Conservation & Reclamation District. "Proposal and 
Plan to Furnish Fresh Water to the Houston Ship Channel, Texas City & 
Galveston Areas." 14 p. [627./SASP] 

225. Settlemyer, J. L., et al."A Field Study of Chemical Budgets for a Small 
Tidal Creek - ,Charleston Harbor, S.C." In:, Marine Chemistry in the 
Coastal Environment. ACS Symposium Series No. 18. 1975. 

226. Sheltema, R. S. "Relationship of Larval Dispersal, Gene-flow and Natural 
Selection to Geographic variation of Benthic Invertebrates in Estuaries 
and Along Coastal Regions." In: Estuarine Research, edited by L. E. 
Cronin, Vol. 1, FP. 372-391. Academic Press, New York. 1975. 

227. Shepard, F. P. "Sut:marine Geology." Harper and Row, New York. 517 p. 
1973. 

228. Smart, R. M. and J. W. Barko. "Influence of Sediment Salinity and 
Nutrients on the Physiological Ecology of Selected Salt Marsh Plants." 
Estuarine and Coastal Marine Science, Vol. 7, FP. 487-495. 1978. 

229. Smith, R. V. and D. A. Stewart. "Statistical Models of River Loadings of 
'Nitrogen and Phosphorus in the Lough Neagh System." Water Research, 

230. 

231. 

Vol. 11, No.8, FP. 631-636. 1977. ' 

Sport Fishing Institute. "Estuarine Productivity Source." Sport Fishing 
Institute Bulletin, Vol. 293, pp. 7-8. April 1978. 

St. Amant, L. S., J. G. Broom and T. B. Ford. "Studies of the Brown 
Shrimp, Penaeus aztecus, in Barataria Bay, Louisiana, 1962-'1965." 
Proc. Gulf Carib. Fish. Inst., 18th Ann. Sess., Nov. 1965, 17 p. 
1966. 

232. Steed, David Lewis. "Some Aspects of Organic Transport in Guadalupe -
San Antonio Estuary." Ph. D. Dissertation, U. of Texas at Austin, 85 
p. Austin, Texas. 1971. [574.92,ST3C] 

233. Stein, J. E. and J. G. Denison. "Limitations of Indicator Organisms." 
In: Pollution and Marine Ecology, edited by T. A. Olson and F. J. 

, Burgess, FP. 323-335. J. Wiley Interscience, New York. 1976. 

234. Stevenson, L. H. and C. W.' Erkenbrecker. "Activity of Bacteria in the 
Estuarine Environment. In: Estuarine Processes, edited by M. Wiley, 
Vol. 1, FP. 381-394. Academic Press, New York, 541 p. 1976. 

235. Stevenson, J. C., et al. "Nutrient Exchange between Brackish Water and 
the Estuary." In: Proceedings of the Third Biennial International 
Estuarine Research Conference. Galveston, Texas. 1976. 

X-18 



BIBLICGRAPHY (cont' d. ) 

236. Strickland, J. D. H. "Measuring the Production of Marine Phytoplankton." 
Fish. Res. ad. of Canada. Bulletin No. 122, 172 p •. 1960. 

237. sutcliffe, W. H., Jr. "Correlations Between Seasonal River Discharge and 
Local Landings of American Lobster (Hcmarus americanus) an Atlantic 
Halibut (Hippoglossus hippoglossus) in the Gulf of St. Lawrence." J. 
Fish. Res. ad. Canada, Vol. 30; pp. 856-859. 1973. 

238. Sutcliffe, W. H., Jr. "Some Relations of Land Drainage, -Nutrients, 
Particulate Material, and Fish Catch in Two Eastern Canadian Bays." 
J. Fish. Res. ad. Canada, Vol. 29, pp. 357-362. 1972. 

239. Tabb, D. C. "The Estuary as a Habitat for spotted Seatrout, Cynoscion 
nebulosus." In: A Symposium on Estuarine Fisheries, edited by R. F. 
smith. Amer. Fish. Soc., spec. Publ. No.3, pp. 59-67. 1966. 

240. Teal, J. M. "Energy Flow in the Salt Marsh Ecosystems in Georgia." 
·Ecology, Vol. 43, pp. 614-624. 1962. 

241. Tent, W. L., et al. '~aterfront Housing Developments: Their Effect on 
the Ecology of a Texas Estuarine Area." Marine Pollution and. Sea 
Life, pp. 1-7. Dec. 1972. 

242. Tett, P. and J. C. Cottrell. "Phosphorus Quota and the Chlorophyll: 
Carbon Ratio in Marine Phytoplankton." Limnology and Oceanography, 
Vol. 20, No.4, pp. 587-603. 1975. 

243. Texas A&M University. "The Brackish Water Clam Rangia cuneata as Indica­
tor of Ecological Effects of Salinity Changes in Coastal Waters," by S. 
H. Hopkins et al. Research Foundation Contract Report H-73-1 to U. S. 
Army Engineer Waterways Experiment Station, Vicksburg. 250 p. 1973. 

244. Texas A&M University. "Distribution of Aquatic Macro-Fauna in a Marsh on 
West Galveston Bay, Texas and Possible Effects Thereon Result1ng from 
Impoundment for Shrirrp Culture," by J. C. Parker et aI, 32 p. Sea 
Grant Publ. 71-208. 1971. [333.916/I'31C(71-208] 

245. Texas A&M University. "The Distribution of Benthic and Nektonic Organ­
isms in Undredged Control Areas of San Antonio Bay," by D. E. Harper, 
Jr. In: Environmental Irrpact Assessment of Shell Dredging in San 
Antonio Bay, Texas, Vol. 3, pp. 1-157. Res. Found. Rept. for U. S. 
Army Engineers District, Galveston, Texas. 1973. 

246. Texas A&M University. "Ecological Aspects of Selected Crustacea of two 
Marsh Embayments of the Texas Coast," by F. S. Conte and J. C. Parker. 
Sea Grant Publ. 71-211, 184 p. 1971. 

247. Texas A&M University. "Effect of Temperature and Salinity on Growth, 
Food Conversion, Survival, and Terrperature Resistance of Juvenile Blue 
Crabs, Callinectes sapidus Rathbun," by J .S. Iblland et al. Sea Grant 
Publ. 71-222, 166 p. 1971. 

X-19 



BIBLIOGRAPHY (cont I d. l 

248. Texas A&M University. "Field Study of an Unconfined Spoil DispOsal Area 
of the Gulf Intracoastal Waterways in Galveston Bay, Texas," by D. E. 
Bassi et al, 74 p. Sea Grant Publ. 74-208. . Coastal' and Ocean 
Engineering Report No. 174. 1974. [333.916/T31Cj2081 

249. Texas A&M University. "The Galveston Bay w:>rk Plan." 2 Vols.' For the 
Developnent of a canprehensive Water Quality Management Program for 
Galveston Bay and Its Tributaries. 1966. [628. 168/T31GAI 

250. Texas A&M University. "Resource Evaluation Studies of the Matagorda Bay 
Area, Texas," by w •. M. Ahr et al. Sea Grant Publ. 74-204. 1973. 

251. Texas A&M University. "Salinity Preference of Post Larval Brown and' 
White Shrimp (Penaeus aztecus and P. setiferuslin Gradient Tanks," by 
R. K. Keiser, Jr. and D. V. Aldrich:" ' Sea Grant Publ. 75-208. 260 p. 
1976. 

252. Texas A&M University. "Sciaenid Stocks of the Western Central Atlantic 
Between Chesapeake Bay, Virginia and the Amazon River, Brazil;" by E. 
J. Gutherz and P. A. Thompson, Jr. In: Proceedings Second Annual 
Tropical and Subtropical Fish. Tech. Conf. of the Americas. Sea Grant 
Publ. 78-101, W. 1-13. 1977. 

253, . Texas A&M University. "A Study of the Effect of Oil Field Brine Effluent'; 
on.Biotic. Conrnunities in Texas Estuaries," ,by J. G. Mackin. 73 p. 
TAMU ResearCh Foundation Project 735. 1971. 

254. Texas A&M University. "A Study of the Effect of Salinity variation on 
Dernvcystidium Infection in Oysters," by J. G. Mackin, and T. L • 

. Boswell.. Res. Found. Tech. Rept. No.5. 1953. 

255. Texas A&M University. "A Study of Selected Chemical and Biological Con­
ditions. of the· Lower Trinity River and Upper Trinity Bay," by R. J. 
Baldauf et al. 168·p. TeCh. Rept. No. 26, Water Resources Institute. 
1970. 

256. Texas A&M University. "Thermal Resistance and Acclimation Rate in young 
White and Brown Shrimp, Penaeus setiferus Linn. and Penaeus aztecus 
Ives," by L. M. wiesepape. Sea GrantPubl. 76-202, 196P:--;975. 

257. Texas A&M University, Environmental Engineering Division. "Sediment 
Analysis -- Galveston Bay," by R. W. Hann et al. Their Estuarine 

. System Project Technical Report No. 24. Prepared for Galveston Bay 
Project" Texas Water Quality Board. 1972. [627. 124/T31TR/241 

258. Texas A&M University, Rerrote Sensing Center. "Monitoring and Mapping. of 
Texas Coastal Wetlands, Galveston Bay and Sabine Lake Areas, 1978 Grow­
ing Season," by A. R. Benton, Jr. et al. Ted-mical Report to Texas 

'Department of Water Resource. 1979. 

259. Texas A&M University, Rerrote Sensing Center. 
Coastal Wetlands," by A.R. Benton, Jr. et al. 
v.p. 1977. 

X-20 

"Monitoring of Texas 
Technical Report RSC-88, 



BIBLIOGRAPHY (cont' d. ) 

260. Texas A&M University, ReJrote Sensing Center. "Monitoring of Texas 
Coastal Wetlands with Aerial Photograph: Phase I, Feasibility Study," 
by A. R. Benton, Jr. et al. Technical Report RSC-64, 34 p. and 
appendices. 1975. 

261. Texas A&M University, Water Resources Institute. "A Study of Selected 
Chemical and Biological Conditions of the Lower Trinity River." 168 
p. Their Report No. 26. 1970. [333.912/T31TR/26] 

262. Texas Board of Water Engineers. 
in Texas." Bull. 5912, 85 p. 

"Inventory and Use of Sedimentation Data 
Austin, Texas. 1959,. 

263. Texas Department of Agriculture and 
"1977 Texas County Statistics. n 

Service. 

the U.S. Department of Agriculture 
Texas Crop and Livestock Report 

264. Texas Department of Water Resources. "Chapter V, Fisheries," by G. L. 
Powell. In: Hydrological and ~iological Studies of the _Trinity River 
'I~~lta, Texas. LP-70, pp. V1-V29. 1978. 

265. Texas Department of Water Resources. "Earnings Projections for Texas 
Counties (1960-2030)." Economics, Water Requirements and Uses Section', 
Economics Unit. December 1976. 

266. Texas Department of Water Resources. "Employment Projections for Texas 
Counties (1960-2030)." Economics, Water Requirements and Uses Section, 

267. 

Economics Unit. December 1976. " 

Texas Department of Water Resources. 
Studies of the Colorado River Delta, 
Texas. 1978. 

"Hydrological and Biological 
Texas." LP-79, 73 p. Austin, 

268. ,Texas Department of Water Resources. "Hydrological and Biological 
Studies of the Trinity River Delta, Texas." In oooperation with Espey, 
Huston & Associates, Inc. and Civil Engineering Department, University 
of Texas at Austin. LP-70. 1978. [551.45/T31H] 

269. Texas Department of Water Resources. "Land use/Land Cover Maps of 
Texas. II LP-62, 47 p. 1977. 

270. Texas Department of Water Resources. "Mathematical Simulation Capabil-
ities in Water Resources Systems Analysis." LP-16, 62 p. Austin, 
Texas. 1978. 

271. Texas Department of water Resources. "Personal Income Projections for 
Texas Counties (1970-2030)." Economics, Water Requirements and Uses 
Section, Economic unit. April 1979. 

272. Texas Department of Water Resources. "Population PrOjections for Texas 
Counties (1975-2030)." Economics, Water Requirements and Uses Section, 
Economics Unit. December 1978. 

X-21 



BIBLIcx;AApHY (con t ' d. ) 

273. Texas Department of water Resources. "Suspended-Sediment Load of Texas 
Streams." Report 233, v.p~- May 1979. 

274. Texas Department of Water Resources. "Suspended-Sediment Load of Texas 
Streams, Compilation Report October 1965 - September 1971." Report 
184. 1974. 

275. Texas Department of water Resources. "Techniques for Evaluating the Ef­
fects _of water Resources Developnent on Estuarine Environments." 
LP-75, 134 p. and appendices. Austin, Texas. 1978 (work oompleted 
August 1974). -

276. Texas Department of Water Resources. "Texas Input-Dutput-l'bdel, 1972." 
Planning and Development Division. LP-24. February 1978. 

277. Texas Department of Water Resources. Unpublished data, 1977-1979. 

278. Texas Game and Fish Cornnission, Marine Fisheries Division. "Basic 
Ecological Survey of Area M-2: Check List of the Flora," by W. C. 
Renfro. Project M-2-R-1, Job Report No. C-2, 5 p. 1959. 

279. Texas Game and Fish Cornnission, Marine Fisheries Division. "An Ecologi­
cal Survey of Upper Galveston and Trinity Bays: A Study of the Marsh 
and Marine Plants," by E. J. Pullen. Project M-2-R-3, Job Report No • 

. C-2, 6 p. 1962. 

280. Texas Game, Fish and Oyster Cornnission. "The Life Histories of the Sea­
trout, Cynoscion nebulosus, and the Redfish, Sciaenops ocellata," by D. 

- W. Miles. Ann. Rept. Mar. Lab., 1949-1950. 1950. 

281. Texas Game, Fish and Oyster Cornnission. "The Life Histories of the Sea­
trout, Cynoscion nebulosus, and the Redfish, Sciaenops ocellata: 
Sexual Development," by D. W. Miles. Ann. Rept. Mar. Lab., 1950-1951. 
1951. 

282. Texas General Land Office. "Texas Coastal Management Program Social and 
Economic Component User's Manual. September 1978. 

283. Texas Highway Department. "Texas Visitor Industry, 1975." 

284. - Texas Parks and Wildlife. "Coastal Fisheries Plan, 1977-1978." 31 p. 
1977 • 

285. Texas Parks and Wildlife Department. "A Contribution to the Biology of 
the Blue Crab (Callinectes sapidus Rathbun) in Texas, with a Descrip­
tion of the Fishery," by W. R. More. Technical Series No.1, 31 p. 
1969. 

286. - Texas Parks and Wildlife Department. "The Crabs of Texas," by S. P. 
Leary. Bulletin No. 43 (revised 1964), 57 p. 1961 • 

287. - Texas Parks and Wildlife Department. "A Study of Blue Crab Population of 
the Upper Laguna Madre," by W. Hawley. Coastal Fish. Proj. Repts. 
(mimeo), pp. 577-581. 1963. 

X-22 



BIBLI(x;RAPHY (cont I d. ) 

288. Texas Parks and Wildlife Department. "Ecological Changes Associated with 
the Industrialization of Cedar Bayou and Trinity Bay, Texas," by R. B. 
Johnson. 79 p. Technical Series No. 16. 1974. 

289. Texas Parks and Wildlife Department. "Inventory ·of Aquatic Vegetation," 
by R. L. west. Job No. 20, Progress Rept., Coastal Waterfowl Project. 
6 p. 1972. 

290. Texas Parks and Wildlife Department. 
in Aransas Bay," by G. M. Stokes. 
Division, 18 p. 1974. 

"Life History Studies of Flounder 
Annual Report, Coastal. Fisheries 

291. Texas Parks and Wildlife Departlnent. "A Plankton and Benthos Survey of 
the San Antonio Bay System, March 1972 - July 1974," by G. A. Matthews 
et al. Technical Report to the Texas Water Development Board. 1975. 

292. Texas Parks and Wildlife Department. "Shell Dredging Sedimentation in 
Galveston and San Antonio Bays, 1964-1969," by R. L. Benefield. Tedl­
nical Series No. 19, 34 p. 1976. 

293. Texas Parks and Wildlife Department. "A Study of the Effects of Fresh­
water on the Plankton, Benthos, and Nekton Assemblages of the. Lavaca 
Bay System, Texas," by G. Gilmore et al. Report to the Texas Water 
Development Board. 113 p. 1976. 

294. Texas Parks and Wildlife Department. 
. Fish and Shellfish through a Natural 
Series No. 9. 54p. 1971. 

"Study of Migratory Patterns of 
Pass," by B. D. King. Technical 

295. Texas Parks and Wildlife Department. "Survey of Finfish Harvest in 
Selected Texas Bays," by T. L. Heffernan et al, 115 p. 1976. 

296. Texas Parks and wildl ife Department. "The. Texas Oyster Fishery," by R. 
P. Hofstetter. Bulletin No. 40 (revised 1964). 36 p. 1959. 

297. Texas Parks and Wildlife Department. "Texas Trailways: A Feasibility 
Report on a System of Trails in Texas," by R. Josselet and B. Evans. 
85 p. 1975. 

298. Texas Parks and Wildlife Department. "Texas waterways: A Feasibility 
Report on a System of Wild, Scenic, and Recreational Waterways in 
Texas," by H. J. Belisle and R. Josselet. 64 p. 1973. 

299. Texas Parks and Wildlife Department. "Trends in Finfish Abundance in 
Texas Estuaries as Indicated by Gill Nets," by G. C. Matlock and J. E. 
Weaver. Coastal Fisheries Branch Report, 271 p. 1978. 

300. Texas Parks and Wildlife Department. "Trends in Population Levels of the 
American Oyster Crassostre~ virginica Gmelin on Public Reefs in Galves­
ton Bay, Texas," by R. P. Hofstetter. Technical series No. 24, 90 p. 
1977 • 

301. Texas Railroad COIlUlIission, Oil and Gas Division. "Annual Report." 1977. 

X-23 



BIBLI(X:;RAPHY (cont' d. ) 

302. Texas, University at Austin, Bureau of Econcrnic Geology. "Envirorunental 
Geologic Atlas of the Texas Coastal zone," by L. F. Brown, Jr. v~p. 

1972-1976. '. 

303. Texas, University at Austin, Bureau of Econcrnic Geology. "Land and Water 
Resources: Houston-Gal veston Area Council," by A. E. st; .Clair et' al. 
Land Resources LaOOratory Map Series, 25 p. 1975. 

304. 'Texas, University at Austin, Bureau of Econcrnic Geology. "Sand' Resources 
of the Texas Gulf COast," by L. E. Garner. . Report of Investigations 
60, 85 p. 1967 • 

305. 

306. 

307. 

. Texas, . University at Austin, Bureau of Econanic Geology. "Shoreline 
. . Changes on Galveston Island (Bolivar Roads to San Luis Pass): An 
..... Arial ysis of Historical Changes of the Texas Gulf Shoreline," by R. A. 

Morton. Geological Circular No. 74-2, 34 p. 1974 • 

. Texas; University at Austin, Center for Research in Water Resources. 
"Biogeochemical Cycling of' Carbon, Nitrogen and Phosphorus in Saltwater 
Marshes in Lavaca Bay, Texas," by' N. E. Armstrong et al. ~-121, 

v.p. 1975. 

Texas, University at Austin, Center for Research in Water, Resources." 
Establishment of Operational Guidelines for Texas Coastal Zone Manage­
ment; Final Report: Water Needs and Residuals Management," by J. S. 
Sherman and J. F. Malina, Jr. CRWR-112, v.p. 1974. 

308. Texas,' University at Austin, Center for 'Research in Water Resources. 
"Exchange Rates for Carbon, Nitrogen and Phosphorus in Colorado River 
Delta Marshes," by N. E. Armstrong and N. <?ordon. CRWR-153, v.p. 
1977. 

309. Texas, University at Austin, Center for Research in Water Resources. 
"Exchange Rates for Carbon, Nitrogen and Phosphorus in Nueces and San . 
Antonio Bay Marshes," by N. E. Armstrong and N. V. <?ordon. ~-152, 

EHE77-05, v.p. and appendix. 1977. 

310. Texas, University at Austin, Center for Research in Water Resources. 
"Exchange of Carbon, Nitrogen and Phosphorus in Lavaca Bay, Texas 
Marshes: Volume I - The Role of Sediments in Nutrient Exchange in the 
Lavaca Bay Brackish Marsh System," by N. E. Armstrong and B. A. Brown. 
CRWR-147, v.p. 1976. 

311. Texas, University at Austin, Center for Research in Water Resources. 
"Exchange of Carbon, Nitrogen, and Phosphorus in Lavaca Bay, Texas 
Marshes: Volume II. The Role of Plants in Nutrient Exchange in the 
Lavaca Bay Brackish Marsh System," by A. J. Dawson and N. E. Armstrong. 
CRWR-129" 115 p. 1975. 

X-24 



BIBLIOGRAPHY (cont' d. ) 

312. Texas, University at Austin, Center for Research in Water Resources. 
~'Exchange Rates for Carbon, Nitrogen and Phosphorus in the Trinity 
River Delta Marshes," by N. E. Armstrong et aL ~154, v;p. 1977. 

313. Texas, University at Austin, Center for' Research in Water Resources. 
"Galveston Bay Water Quality Study - Historical and Recent Data," by E. 
F. Gloyna and J. F. Malina. Report to Texas Water Pollution Control 
Board. CRWR-1, 120 p. and nine appendices. 1964. [333.9/T31C!WV1l 

314. Texas, University at Austin, Center for Research in 'water Resources. 
"General Consideration Prerequisite to Further Galveston' Bay Shell 
Rerroval," by Hill and Masch. CRWR-48, 50 p. Texas Univerqity 
Hydraulic Engineering Lab, TEC Report HYD 15-6901. . 1969. 
[333.9/T31CR~48] , 

315. Texas; University at Austin, Center for Research in Water Resources. 
"Methodology to Evaluate Alternate Coastal Zone Management Policies: 

, : Application in the Texas Coastal Zone, Special Report III: A MethO­
dology' for Investigating Freshwater Inflow Requirements of a Texas 
Estuary," by W. P. Lambert and E. G. Frnh. Vol. I (Methodology) and 
Vol. II (Appendices), 999 p. 1975. 

" 

316. 'Texas, University at, Austin, Center for Research in Water Resources. 
"Shell Dredging, A Factor in Sedimentation in Galveston Bay, i. by F. D. 
Masch and W. H., Espey, Jr. CRWR-7, 168 p. Prepared for Texas Parks 
and Wildlife Department. HYD 06-6702. 1967. [333;9/ T31C!WV7] 

.' " 
317: Texas, University at Austin, Center for Research in Water Resources. 

"Water Quantity for Preservation of Estuarine Ecology," by B. J. Cope­
land et ,al. ,In: Conflicts in Water Resources Planning, E. F. Gloyna 
and W. S. Butcher editors. Water Research Symposium No; 5" pp. 
107-126. 1972. 

318. Texas, University, Division of' Natural Resources and Environment. 
"Establishment of Operational Guidelines for Texas Coastal' Zone Manage­
ment. Final Report on Biological Uses Criteria," by C. H." CJH:lenheimer 
et al. v.p. Report to the National Science Foundation and the Divi-

, sion of Planning Coordination, Office of the Governor of Texas. 1974'. 
[333.917/T31CES/6]· 

319. Texas, University, Division of Natural Resources and Environment. 
"Establishment of Operational Guidelines for Texas Coastal Zone Manage­
ment.' Final Report on Estuarine Modeling," byG. W. Murfeeet al. 
v.p. ,Report to the National Science Foundation and Division of Plan­
ning Coordination, 'Office of the- Goverhorof Texas. 1974. [333.917/ 
T31CES/4] , 

320. Texas, University at Austin" Marine Science Institute at Port Aransas. 
, "Analysis of Freshwater Inflow Effects on Metabolic Stresses of Fish in 

Corpus Christi, San Antonio, and Matagorda Bays," by D. E. WJhlschlag. 
Final Report to Texas Department of Water Resources. 97 p. 1976. 

X-25 



BIBLI(x;RAPHY (cont I d) 

321. Texas, University at Austin, Marine Science Institute at Port Aransas. 
"Analysis of Freshwater Inflow Effects on Metabolic Stresses of South 
Texas Bay and Estuarine Fishes: Continuation and Extension," by D. E. 
WOhlschlag. Final Report to Texas Department of Water Resources. 114 
p. 1977. 

322. Texas, University at Austin, Marine Science Institute. "Analysis of 
Freshwater Inflow Effects on Metabolic Stresses of South Texas Bay and 
Estuarine Fishes: Rates of Adaptability to Changing SaIinity -
Temperature Regimes," by D. E. WJhlschlag. Final Report to Texas 
Department of Water Resources. 89 p. 1980. 

323. Texas, University at Austin, Marine Science Institute. "Analysis of 
Freshwater Inflow Effects on Metabolic Stresses of South Texas Bay and 
Estuarine Fishes: Studies on Small Fishes," by D. E. WJhlschlag. 
Final Report to Texas Department of Water Resources. 92 p. 1979. 

324. Texas, University at Austin, Marine Science Institute. "An Annotated 
Checklist of the Fishes of the Galveston Bay System, Texas," by J. C. 
Parker. Contributions in Marine Science, Vol. 10, pp. 201-220. 1965. 

325. Texas, University, Marine Science Institute, Port Aransas. "A Benthos 
and Plankton Study of Corpus Christi, Copano, and Aransas Bay Systems. 
III: Report on Data Collected During the Project Period July 1974 -
May 1975 and SllI1Il\ary of the Three-year Project," by J. S. Holland et 
al. Technical Report to the Texas Water Development Board. 1975. 

326. Texas, University at Austin, Marine Science Institute. "Brackish Water 
and Marine Assemblages of the Texas Coast, with Special Reference to 
Mollusks," by H. S. Ladd. Contributions in Marine Science, Vol. 2, pp. 

327. 

125-164. 1951. .-

Texas, University at Austin, Marine Science Institute. 
Bibliography to the Crabs (Brachyura) of the Gulf of 
Powers. Contribution in Marine Science, Vol. 20 
1-190. 1977. ~--

"A Catalogue and 
Mexico," by L. W. 
( supplement), pp. 

328. Texas, University at Austin, Marine Science Institute. "Ccmnunity Struc­
ture of Fishes and Macrocrustaceans in Ponds of a Louisiana Tidal Marsh 
Influenced by Wiers," by J. E. Weaver and L. F. Holloway. Contribu­
tions in Marine Science, Vol. 18, pp. 57-69. 1974. 

329. Texas, University at Austin, Marine Science Institute. "Distribution of 
Juvenile Brown Shrimp (Penaeus aztecus Ives) in Galveston Bay, Texas, 
as Related to Certain Hydrographic Features and Salinity," by J. C. 
Parker. Contributions ~n Marine Science, Vol. 15~ pp. 1-12. 1970. 

330. Texas, University at Austin, Marine Science Institute. .'~Erological 

Survey of Baffin and Alazan Bays, Texas," by J, P. Breuer. Contri­
butions to Marine Science, Vol. 4, pp. 134-155. 1957. 

331. Texas, University at Austin, Marine Science Institute. "An Ecological 
Survey of the Upper Laguna Madre of Texas," by E. P. Si.rnrrons. Con­
tributions to Marine Science, Vol. 4, pp. 156-200. 1957. 

X-26 



BIBLICXiRAPHY (oont' d) • 

332. Texas, University at Austin, .Marine Science Institute. "Effect of Higher 
than Normal Salinities on Salt Marshes," by H. D. Roese. Contributions 
to Marine Science, Vol. 12, W. 249-261. 1967. 

333. 

334. 

335. 

336. 

337. 

,).38. 
:'1 .. 

339. 

340. 

341. 

342. 

Texas, University at Austin, 
Arkansas Pass Inlet, Texas: 
tions," by B. J. Copeland. 
pp. 9-21. 1965. 

Marine science Institute. "Fauna of the 
Emigration as shCMn by Tide Trap Collee­

Contributions in Marine Science, Vol. 10, 

Texas, University at Austin, Marine science Institute. "Fish Species 
Diversity Indices as Indicators of Pollution in Galveston Bay, Texas," 
by T. J. Bechtel and B. J. Copeland. Contributions in Marine Science, 
Vol. 15, W. 103-132. 1970. . 

Texas, University at Austin, Marine Science Institute. "Galveston Bay 
Benthic Coomunity Structure as an Indicator of Water Quality," by J. S. 
Holland et al. Contributions in Marine Science, Vol. 17, W. 169-188. 
1973. 

Texas, University at Austin, Marine Science Institute. "Galveston Bay 
Ecosystem' Freshwater Requirements and Phytoplankton Productivity," by 
N. E. Armstrong and M. o. Hinson, Jr. In: Toxicity Studies of 
Galveston Bay Project. W. 11-1 to 11-97. Final Report to Texas Water 
Quality Board. 1973. 

Texas, University at Austin, Marine Science Institute. "Galveston Bay 
Project Environmental Limits for Galveston Bay." Sutrnitted to Texas 
Water Quality Board. 1975. [628. 168/T31GEl . 

Texas, University· at Austin, Marine Science Institute. "Geographic 
Variations in Salt Marsh Macrophyte Production: A Review," by R. E. 
Turner. Contributions in Marine Science, vol. 20, W. 47~68. 1976. 

Texas, University at Austin, Marine Science Institute. "GrcMth and 
Mortality of the American Oyster Crassostrea virginica in High Salinity 
Shallow Bays in Central Texas," by B. J. Copeland and. H. D. Roese. 
Contributions in Marine Science, vol. 11, W. 149-158. 1966. 

Texas, University at Austin, Marine Science Institute. "Helioopter-Borne 
Purse Net for Population Sanpling of Shallow Marine Bays," by R. S. 
Jones et al. Contributions in Marine Science. Vol.. 9, W. 1-6. 
1963. 

Texas, University at Austin, Marine Science Institute. "An Introduction 
to Tidal Waters of Texas," by A. Collier and J. W. Hedgpeth. Contribu­
tions in Marine Science, vol. 1, W. 125-194. 1950. 

Texas, University at Austin, Marine Science Institute. "An Introduction 
to Zoogeography of the Northwestern Gulf of Mexioo with Reference to 
the Invertebrate Fauna," by J. W. Hedgpeth. Contributions in Marine 
Science, Vol. 3, W. 107-224. 1953. 

X-27 



BIBLIOGRAPHY. (cont 'd. ) 

343. Texas, University at Austin,. Marine Science Institute. 
Production: A Summary of the Literature," by C. S. 
contributions in Marine Science, Vol. '16, W. 163-181. 1972. 

"Marsh 
Keefe. 

344. Texas, University at Austin, Marine Science Institute at Port Aransas. 
"Nearshore Surface Currents, Southeastern Texas Gulf Coast," by R. L. 
watson et al. Contributions in Marine Science, Vol. 15, W. 133-143. 
1970. 

345. Texas, University at Austin, Marine Science Institute. "A Note on the 
standing Crops of Spartina alterniflora in Texas and Florida," by R. E. 
Turner and J. G. Goesselink. Contributions in Marine Science, Vol. 19, 
pp. 113-119. 1975. 

346. Texas, University at Austin, Marine Science Institute. "Observations on 
the Hydrology and Marine Organisms of the Tidal Colorado River and 
Adjacent Waters, Texas, February - June 1962," by R. A. Diener. Con­
tributions in Marine Science, Vol. 17, pp. 99-110. 1973. 

347. Texas, University at Austin, Marine Science Institute. "Observation on 
Spawning 'and Larval History of the Shrimp, Penaeus setiferus," by P. 
E. Heegaard. Contributions in Marine Science, Vol. 3, W. 73-105. 
1953. 

348. Texas, University at Austin, Marine Science Institute. "Oyster Disease 
Caused by Derrrocystidiurn marinurn and other Microorganisms in 
Louisiana," by J. G. Mackin. Contributions to Marine Science, Vol. 7, 
132 p. 1961. 

349. Texas, University at Austin, Marine Science Institute. "The Relationship 
of the Bonnet Carre Spillway to Oyster Beds in Mississippi Sound and 
the 'Louisiana Marsh' with a Report on the 1950 Opening," by G. Gunter. 
Contributions in Marine Science, Vol. 3, No.1, W. 17-71. 1953 • 

. ' 

350. Texas, University at Austin, Marine Science Institute. "Respiratory 
Metabolism of the Striped Mullet as an Assay of Low Level Stresses in 

, Galveston Bay," by D. E. W:)hlschlag. In: Toxicity Studies of Galves­
ton Bay Project. w. IV-l to IV-37. Final report to Texas Water 
Quality Board. 1973. 

351. Texas, University at Austin, Marine Science Institute. "Salinity 
stresses, Metabolic Responses and Distribution of the Coastal Spotted 
seatrout, Cynoscion nebulosus," by D. E. W:)hlschlag and J. M. Wakeman. 
Contributions in Marine Science, Vol. 21, w. 171-185. 1978. 

352. Texas, University at Austin, Marine Science Institute. "Seasonal 
Abundance and Distribution of Marine Fishes at a Hot-water Discharge in 
Galveston Bay, Texas," by B. J. Gallaway and K. Strawn. Contributions 
in Marine Science. Vol. 18, pp. 71-137. 1974. 

353. Texas, University at Austin, Marine Science Institute. "Seasonal Changes 
in the Respiratory Metabolism of ·the Pinfish (Lagodon rhcmboides)," by 

X-28 



BIBLICGRAPHY (contrd.) 

D. E. Wohlschlag et al. Contributions in Marine Science, Vol. 13, pp. 
89-104. 1968. 

354. Texas, University at Austin, Marine Science Institute. "Seasonal Popula­
tion Changes and Distributions as Related" to Salinity, of Certain 
Invertebrates of the Texas Coast, including the Commercial Shrimp," by 
G. Gunter. Contributions in Marine ScienCe, Vol. 1, pp. 7-51. 1950. 

355. Texas, University at Austin, Marine Science Institute. "Seasonality of 
Larger Animals "in a Texas Turtle Grass Comnunity,"by H. D. Hoese and 
R~ S. Jones. Contributions in Marine Science. Vol. 9, pp. 37-47. 
1963. 

356." Texas, University at Austin, Marine Science Institute. 
and Production of the State of Texas for the Period 
Conparison with Other Gulf States," by G. Gunter. 
Mari'ne" Science, Vol. 8, pp. 216-226. 1962. 

,"Shrimp Landings 
1956-1959, with a 
Contributions ". in 

357. Texas, University at Austin, Marine Science Institute. "Size-related 
Metabolic Responses of the Pinfish, Lagodon" rhanoboides, to Salinity 
variations and Sublethal Petrochemical Pollution," by T. C. Kloth and 
D. E. Wohlschlag. Contributions in Marine Science," Vol. 16, pp. 126-
137; 1972. 

358. Texas, University at Austin, Marine Science Institute. "Some Environ­
mental Limits of Six Gulf Coast Estuarine Organisms," by B. J. Copeland 
and T. J. Bechtel. Contributions in Marine Science, Vol. 18, pp. 
169-204. 1974. 

359. Texas, University at Austin, Marine Science Institute. "Some Observa­
tions on the Respiration of the American Oyster Crassostrea virginica 

" (Gmelin)," by A. Collier. Contributions in Marine Science, Vol. 6, pp. 
92-108. 1959. " 

360. Texas, University at Austin, Marine Science Institute. "Some Principles 
of Marine Fishery Biology," by D. Burkenroad. Contributions in Marine 
Science, Vol. 2, pp. 177-212. 1951. " 

361. Texas, University at Austin, Marine Science Institute. "Stanach Contents 
of Fishes from Clear Lake and Tributary Water, a Texas Estuarine' Area," 
by R. A Diener et al. Contributions in Marine Science, Vol." 18, pp. 
7-17. 1974. 

362. Texas, universfty at Austin, Marine Science Institute. "Studies ":on the 
Hydrography and Fish Migration of Cedar Bayou, a Natural Tidal Inlet on 
the Central Texas Coast," by E. G. Sirrrnons and H. D. Hoese." Contribu­
tions in Marine Science, Vol. 6, pp. 56-80. 1959. 

363." Texas, University at Austin, Marine Science 
Marine Fishes of Texas," by G. Gunter. 
Science, Vol. 1, pp. 1-190. 1945. 

X-29 

Institute. "Studies on 
Contributions in'Marine 



BIBLIOGRAPHY (ooht 'd. ) 

364. Texas, University at Austin, Marine Science Institute. "A Study of Red 
Fish, Sciaenops ocellata Linnaeus, and Black Drum, ~onias cromis 
Linnaeus," by E. G. Simnons and J. P. Breuer. ContributIOns in Marine 
Science, Vol. 8, pp. 184-211. 1962. 

365. Texas, University at Austin, Marine Science Institute. "Stmmer Growth 
Depression in the Stripped Mullet, Mugil ce~alus," by J. J. Cech, Jr. 
and D. E. W:>hlschlag. Contributions· in Manne Science, Vol. 19, pp. 
91-100. 1975. 

366. Texas, University at Austin, Marine Science Institute. "Toxicity Studies 
of Galveston Bay Project.. September 1 , 1971 to December 1, 1972." 
Final Report to Texas Water Quality Board. 1973. [628. 168jT31GT] 

367. Texas, University at Austin, Marine Science Institute. "Vertical Distri­
bution of the Planktonic Stage Shrimp in the Northwestern Gulf," by R. 
Temple and C. Fischer. Contributions in Marine Science, Vol. 10, pp. 
59-67. 1965. 

368. Texas, University at Houston, Institute of Environmental Health. "An 
Investigation of Tertiary Estuary Productivity and Nutrient Optimi­
zation in Texas Coastal Water," by E. M. Davis et al. IAC-71-73-909. 
Report to the Texas Water Development Board. 355 p. 1973. 

369. Texas, University at Houston, Sc. of Public Health. "A Preliminary In­
vestigation of the Nutrient Requirements of Four Texas Bay Systems," by 
G. F. Smith. In:. Assessment of tJ:!.e Primary Eoological Interactions in 
Four Texas Estuanne Systems. Report to the Texas Water Development 
Board. Houston, Texas. 1973. 

370. Texas Water Developnent Board. 
Coastal Lowlands and Littoral," 
T31AC] 

"Archeological Resources in the Texas 
by A. K. Briggs. 46 p. 1971. [913/ 

371. Texas Water Development Board. "Chemical and Physical Characteristics of 
Water in Estuaries of Texas, October 1969 - September 1970." 'IWDB 
Rept. 171, 123 p. 1973. 

372. Texas Water Developnent Board. "Coastal Data System User Documentation; 
Vol. I - Storage Reference Manual; Vol. II - Retrieval Reference 
Manual." 1973 (revised 1977). 

373. Texas Water Developnent Board. "Continuing Water Resources Planning and 
Development for Texas," 2 Vols. v.p. Austin, Texas. 1977. 

374. Texas Water Developnent Board. "Estimated Monthly RLinoff System WD8900: 

375. 

User Reference Manual." 104 p. Austin, Texas. 1976. 

Texas Water Developnent Board. 
for Texas Water Quality Board. 

"Galveston Bay Inflow Study." 
1973. [574.526jT318G] 

Prepared 

376. Texas Water Developnent Board. "Inventories of Irrigation in Texas 
1958, 1964, 1969 and 1974." Report 196, 265 p. Austin, Texas. 1975. 

X-30 



BIBLIOGRAPHY (cont' d. ) 

377. Texas Water Developnent Board. 
Texas, 1940 through '1976." 
Texas. 1967. 

"Monthly Reservoir Evaporation Rates for 
Report 64 (updated). 111 p. Austin, 

378. Texas Water,Developnent Board. "1975 National Water Assessment. :Texas 
Gulf Region. Technical Merrorandum Activity 2, Phase II." 234 p. 1977. 

379. Texas Water Developnent Board. "Rice Irrigation Return-flow Study" 135 
p. Austin, Texas 1974. 

380. Texas Water Quality Board. "Comprehensive Water Pollution Control Plan-
ning for the Galveston Bay Study." Unpublished. 1970. [628.168/ 
T31G] 

381. Texas Water Quality Board. "Ecological Studies of Galveston Bay, 1969," 
by B. J. Copeland and E. G. Fruh. Final Report to Texas Water Quality 
Board. 482 p.' 1970. [628. 168/T31EC] 

382. Texas Water Quality Board. "Galveston Bay Project ~ogress and Expendi­
tures Report for First Project Year Ending December 13, 1971." Sub--, 
mitted to 'Environmental Protection I\gency. 64 p.' 1972. [628.168/ 
T31GPR] 

383. 'Texas Water Quality Board. 
;;. J. Beal. 99 p. 1975. 

"Galveston Bay Project, Sunmary Report," by 
[628. 168/T31GP] 

384. Texas Water Quality Board. "Texas Water Quality Standards." 79 p. 
Austin, Texas: February 1976. 

385. Texas Water Quality Board. "Water Qual i ty, Segment Report for Segment 
Nos. 2431, fuses Lake," by S. Warshaw. Report No. w;)S-22. 33 p. 
1976. [628. 168/T31w;)S/22] 

386. Theede, H. "Aspects of Individual Adaptation to Salinity in Marine 
Invertebrates." In: Physiological Ecology of Estuarine Organisms, 
edited by F. J. Vernberg. pp. 213-225. Univ. South Carolina Press, 
Columbia. 1975. 

387. Thiessen, A. H. "Precipitation for Large Areas." funthly Weather Rev., 
Vol. 39, pp. 1082-1084. July 1911. 

388. Thorson, G. "Reproduction and Larval Development of Marine Bottom 
Invertebrates." Biol. Rev., Vol. 25, pp. 1-45. 1950. 

389. Tracer, Inc. "Data Management System User's Manual for Galveston Bay, 
,Project,", by L. A. Hembree. 48 p. SuJ:mitted to Texas water Quality 
Board.' 1974. [628. 168/T67GD] 

390. Tracor, Inc. App;!ndices to Galveston Bay Project: Water Quality M::>deling 
and Data Management; Phase II Technical Progress Report," by W. H. 
Espey et al. SuJ:mitted to Texas Water Quality Board. Rough draft. 
1971. [628. 168/T67GA/APP] • 

X-31 



391. 

392. 

BIBLI(x;RAPHY (cent'd.) 

Tracer Inc. "Galveston' Bay Project: Ccmpilation of 
July 1968 to September 1971," by R~ J. Hudston. 
water Quality Board. 1971. [628. 168/T67GCl 

Water Quality data,' 
Sul:Jnitted to Texas 

Tracer Inc. "Galveston Bay Project Data' Management System Preliminary 
User's Manual," by R. J .• Huston. 20 p. Sul:Jnitted to Texas Water 
Quality Board. 1972. [628. 168/T67GD/PREl 

393. Tracer Inc. "Galveston Bay Project High Frequency Data Program." 1970. 
[628.168/T67GHl ' 

394. Tracer Inc. "Galveston, Bay Project Hydraulic Model User's Manual," by 
L. A. Hembree et al •. ' 101 p. Sul:Jnitted to Texas Water Quality Board. 
1974. [628. 168/T67GHYl 

395. Tracer Inc. "Galveston Bay Project Monthly Sampling Program, July 1968-
October 1970; Temporal Plots Chlorinity, Dissolved Oxygen, Phosphate, 
Water Temperature." 1971. [628. 1 68/T67MCl 

396. Tracer Inc. "Galveston Bay Project Monthly Sampling Program, July 1968-
October 19"0; Temporal Plots: Nitrogen Series, Colifonn." Unp. 1971. 
[628. 168/T67MNl 

397. ' Tracer Inc. "Galveston Bay Project Water Quality, Modeling and Data 
Management; Phase II Progress Report SLIll'i11ary." 22 p. Sul:Jnitted to 
Texas Water Quality Board .1971 • [628. 168/T67GAPl 

398. Tracer Inc. "Galveston Bay Project: Water Quality Modeling and Data 
Management; Phase II Technical Progress Report." by W. H. Espey et al. 
Submitted to Texas Water Quality Board. 1971. [628. 168/T67GAl 

399. Tracer Inc. "Galveston Bay Project Water Quality Modeling and Data 
Management; Phase II Technical Status Report." Sul:Jnitted to Texas 
Water Quality Board.' pp.1-73. 1971. [628. 168/T67GASl 

400. Tracer, Inc. "Galveston Bay Study Phase I: Technical Report." 200 p. 
Submitted to Texas Water Quality Board. 1968. [628. 168/T67GAFl 

401. Tracer, Inc. "Galveston Bay Study: Phase I Technical Report SLIll'i11ary." 
35 p. Sul:Jnitted to Texas Water Quality Board. 1968. [628. 168/T67Gl 

402. 

403. 

Tracer Inc. "Galveston Bay Study Phase I: Final Report." 2 Vols. in 1. 
1968. [628. 168/T67GAFl Submitted to Texas Water Quality Board. 

Tracer, Inc. 
Estuaries." 
Bay Project. 

"Mathematical Modeling of Thennal Discharges into Shallow 
114 p. Prepared for Texas Water Quality Board, Galveston 
1971. [628. 168/T67Ml 

404. Tracer, Inc. "Preliminary Galveston Bay Data Program." 21 p. 'Rough 
Draft. 1968. [628. 168/T67PJ 

X-32 



BIBLIOGRAPHY (cont' d. ) 

405. Tracor, Inc. "Preliminary User's Manual for the Galveston Bay Project 
BOD and 00 /obdels (GBP Tasks N .A. 1 and 2)," by M. J. Cullender et al. 
61 p. Submitted to Texas Water Quality Board. 1972. [628. 168/T67PR] 

406. Tracor, Inc. "Report on roo and 00 /obdeling for the Galveston Bay System 
(GBP Tasks N.A.1 and 2)," by M. J. Cullender et al. Submitted to 
Texas Water Quality Board. 1972. [628. 168/T67RBD] 

407. Traror, Inc. "Report on roo and 00 /obdel Verification· for the- Galveston 
Bay System (GBP. Tasks N .A. 1-2), by M. J. Cullender et al. Submitted 
to Texas Water Quality Board. 1972. [628. 168/T67RB] 

408. Traror, Inc. "Report on Mathematical /obdeling Investigations of the 

409. 

Clear Creek Basin." Presented to the Texas Water Quality Board. 1973. 
[551 .483/T67R] 

Traror, Inc. "Report on Nitrogen /obdel 
Bay System," by M. J. Cullender et al. 
Quality Board. 1972. [628. 168/T67RN] 

Verification for the Galveston 
37 p. Submitted to Texas Water 

410. Traror, Inc. "The Status of Galveston Bay Temperature Study; Presenta­
tion to the Texas Water Quality Board." 1969. [628. 168/T67S] 

411. Traror, Inc. "Suggestions for Proposed Galveston Bay Study." 16 p. 
Submitted to Texas Water Pollution Control Board. 1967. [628.168/ 
T67SU] 

412. Traror, Inc. "Sumnary Report Outline, Task 1." 26 p. Submitted to 
Texas Water Quality Board. 1968. [628. 168/T67SUM] 

413. Traror, Inc. "Supporting /obdels User's Manual for the Galveston Bay 
Project," by Ibn Taylor. 223 p. Submitted to Texas Water Quality 
Board. 1974. [628. 168/T67GS] 

414. Tracor, Inc. "User's Manual for the Clear Lake Mathematical /obdels." 

415. 

102 p. November 1973. [628. 168/T67UC/Final] 

Traror, Inc. "User's Manual for the 
Models," by R. M. Chen. 148 p. 
Board. 1974. [628. 168/T67UB] 

Galveston Bay Project roo and 00 
Submitted to Texas Water Quality 

416. Traror, Inc. "User's Manual for the Galveston Bay Project Clear Lake 
. Model." 98 p. Submitted to Texas Water Quality Board. 1973. 

[628. 168/T67UC] 

417. Traror, Inc. "User's Manual for the Nitrogen /obdel of the Galveston Bay 

418. 

System," by A. J. Hays. 124 p. Submitted to Texas Water Quality 
Board. 1974.' [628.168/I'67UN] 

Traror, Inc. "User's Manual for 
System," by R. M. Chen. 72 p. 
1974. [628. 168/T67US] 

the Salinity /obdel of the Galveston Bay 
Submitted to Texas Water Quality Board. 

X-33 



BIBLICGRAPHY (cont' d. ) 

419. Tracor, Inc. "Waste Load Identification and Assessment Project for the 
. Galveston Bay System; Final Report." 65 p. sutmitted to Texas Water 

Quality Board. 1971. [628. 168/T67Wl 

420. Tracor, Inc. "Waste Load Identification and Assessment Project for the 
Galveston Bay System; Inteirm Report," 28 p. Sutmitted to Texas Water 
Quality Board. 1971. [628. 168/T67WIl 

421. Tracor, Inc. "Zooplankton;" by S. N. James. In: Sabine Ecological 

422. 

Project, Volume·I, edited by J. W. Wiersema and R. P. Mitchell. -Docu­
ment No. T 73-AU-9507-U. 

Trent, W. L. . "Size of 
Galveston Bay System, 
Ann. Sess., pp. 7-16. 

Brown Shrimp and Time of Emigration from the 
Texas." Proc. Gulf. Carib. Fish. Inst., 19th 
1966. -

423. Turner, J. L. and H. K. Chadwick. "Distribution and Abundance of the 
Young Striped Bass Marone saxatilis in Relation to River Flow in the 
Sacremento - San Joaquin Estuary." Trans. Amer. Fish. Soc., Vol. 101, 
pp. 442-542. 1972. 

424. Turner, R. E. "Intertidal Vegetation and Commercial Yields of Penaeid 
Shrimp." Trans. Amer. Xish. Soc., VQl. 106, pp. 4,11-416. 1977. 

425. Turner, Collie & Braden, Inc., "Galveston Bay Project Stormwater Loading 
Study." 25 p. Prepared for the Texas Water Quality Board. 1973. 
[628. 168/T85GAl 

426. Turner, Collie & Braden, Inc. "Technical Assistance and Management Sup--

427. 

428. 

port for the Galveston Bay Study, A Proposal. " Prepared for Texas 
water Pollution Control Board. 1967. [628. 168/T85Gl 

U. S. Army Engineer Waterways Experiment Station, Vicksburg. 
Bibliography on Effects of Salinity and Salinity Changes 
Coastal Waters," by S. H. Hopkins. 411. p. 1973. 

"Annotated 
on Life in 

U. S. Army Engineer Waterways Experiment Station. 
Species of the Gulf Coast Area. Vol. II: Growth 
Goesselink et al. Technical Report D-77-44, 57 p. 

"Common Marsh Plant 
Dynamics," byJ. G. 
1977. 

429. U. S. Army Engineer waterways Experiment Station, Vicksburg. "Studies on 
the Time Course of Salinity and Temperature Adaptation in the Commer­
cial Brown Shrimp Penaeus aztecus Ives," by A. Venkataramiah et al. 
308 p. 1977. 

430. U. S. Bureau of Commercial Fisheries. "Hydrological Conditions in Clear 
Lake Texas, 1958-66." 8 p. Contribution 270. U. S. Fish and Wildlife 
service, Special Scientific Report--Fisheries-578. 1969. [551.48/ 
UN3HCl . 

431. U. S. Bureau of Commercial Fisheries. "Hydrographic Observations from 
the Galveston Bay System, Texas, 1958-67." 152 p. In 3 Fiche. Bureau 
of Commercial Fisheries, Biological Laboratory, Galveston, Texas. Con-

X-34 



BIBLICX3RAPHY (cant' d. ) 

tributions 280. U. S. Fish and Wildlife Service, Data Report 31. 
1969. [Fiche/PB182/757] 

432. U. S. Bureau of Fisheries. "Contributions, to the Life Histories of 
Sciaenidae of the Eastern United States," by W. W. Welsh and C. M. 
Breder. Bulletin No. 39, pp. 141-201. 1924.' 

433. U. S. Bureau of Fisheries. "The Early Life Histories of Some American 
Penaeidae, Chiefly the Corrrnercial Shrimp, Penaeus setiferus (Linn.)," 
by J. C. Pearson. Bulletin No. 49, pp. 1-73. 1939. 

434. U. S. Bureau of Fisheries. "Factors Influencing the Spawning and Setting 
of Oysters in Galveston Bay, Texas," by A. E. Hopkins. Bulletin, 
Volume 42, pp. 57-84. 1931. 

435. U. S. Bureau of Fisheries. "Life History of the Blue Crab," by E. P. 
Churchill. Bulletin No. 36, pp. 95-128. 1919. 

436. U. S. Bureau of Fisheries. "Natural History and Conservation of the Red­
fish and Other Corrrnercial Sciaenids on the Texas Coast," by J. C. 
Pearson. Bulletin No. 44, pp. 129-214. 1929. 

437. U. S·. Coastal Engineering Research Center. "Establishment of Vegetation 
for Shoreline Stablization in Galveston Bay," by J. D. Dodd. 67 p. 
Their Miscellaneous Paper No; 6-75. 1975. [627. 58/UN3MP/6-75] 

438. U. S. Coastal Engineering Research Center. "Vegetation Establishment and 
Shoreline Stabilization; Galveston Bay, Texas." 74 p. Their Technical 
Paper 76-13. 1976. [627. 58/UN3TP/76-13] 

439. U. S. 56th Congress, 1st Sess. 1900. "Examination and Survey of East Bay 
Bayou, Texas." 7 p. House Document No. 451. February 21, 1900. 
[OOC/56-1 /BD4 51] 

440. U. S. 76th Congress, 1st Sess. 1939. "Chocolate Bayou, Bastrop Bayou, 
and Oyster Creek, Texas." 18 p. House ,Document No. 337. June 12, 
1939. [OOC/76-1/HD337] 

441. U. S. 81st Congress, 1st Sess. 1949. "Galveston Harbor and Channel, 

442. 

Texas Sea-wall Extension." ·30 p. Letter from the Secretary of the 
Army. House Document 173. 1949. [OOC/81-1/HD173] 

U. S. 83d Congress, 1st Sess. 1953. 
Texas Beach Erosion Control Study." 
of the Army. House Document·No. 218. 

"Gulf 
48 p. 
1953. 

Shore of Galveston Island, 
Letter from the Secretary 
[OOC/83-1/HD218] 

443. U. S. 83d Congress, 2nd Sess. 1954. "Shore of Galveston Bay, Galveston 

444. 

County, Texas." 23, p. House Document No. 346. 1954. [OOC/83-2/ 
·HD346]. 

U. S. 85th Congress, 2nd Sess. 1958. "Galveston Harbor 
Houston Ship Channel, and Texas City Channel, Texas." 
Document No. 350. 1958. [OOC/85-2/HD350] 

X-35 

and Channel, 
62p. House 



BIBLIOGRAPHY (cont I d. ) 

445. U. S. 86th Congress, 2nd Sess. 1960. "Texas City Channel, Texas. 63 p. 
House Document No. 427. 1960. [DOC/86-2/HD427] 

446. U. S. 90th Congress, 1st Sess. 1967. "Texas City and Vincinity, Texas, 
La Marque-Hitchcock Extension." 120 p. House Document No. 187. 1967. 
[DOC/90-1/HD187] 

447. U. S. 92nd Congress, 1 st Sess. 1971. "Galveston Harl:x>r and Channel, 

448. 

Texas. Galveston Channel 40-Foot Project." 79 p. House Document No. 
92-121. 1971.· [DOC/92-1/HD121] 

U. S. 92nd Congress, 
(Industrial Canal). 
922/HD199] 

2nd Sess. 1972. "Texas City Channel, Texas 
78 p. House Document No. 92-199. 1972. [DOC/ 

449. U. S. Corps of Engineers. "Burnett, Crystal, and Scott Bays and Vicin­
i ty, Bayt0.7n, Texas: Feasibility Report for Flood Damage Reduction." 
2 Vols. vol. 1-Main Report; Vol. 2-Appendices. 1975. [USCE-G/B93] 

450. 

451. 

452. 

U. S. Corps of Engineers. 
i ty , BaytONn, Texas. II 
[EIS/B93] 

U. S. Corps of Engineers. 
Texas, Texas City Dike," 

U. S. Corps of Engineers. 

"Burnett, Crystal, and Scott Bays and Vicin-
49 p. Final Environmental Statement. 1976. 

"Channel From Galveston Harl:x>r to Texas City, 
27 p. 1949. [USCEG/T31] 

Review of Reports." 34 p. 
"Chocolate Bayou and Bastrop Bayou, Texas, 
1947. [USCE-G/C45R] 

453. U. S. Corps of Engineers. "Galveston Harl:x>r and Channel, Texas; (Galves­
ton Channel 40-Foot Project)." 33 p.. Final Environmental Statement. 
1973. [EIS/G13] 

454. 

455. 

U. S. Corps of 
ton Channel) 
ment. 1975. 

Engineers. 
Maintenance 

[DIS/G13G] 

"Galveston Harbor and Channel, Texas, (Galves­
Dredging. " 75 p. Final Environmental State-

U. S. Corps of Engineers. "Galveston Harbor and Channel, Texas, Review 
of Reports." 48 p. 1948. [USCEG/G13H/1948] 

456. U. S. Corps of Engineers. "Gulf Intracoastal waterway in South Galveston 
Bay, Texas, Review of Reports." 32 p. 1948. [USCE-G/G95GB] 

457. U. S. Corps of Engineers. "Interim Report on Hurricane Survey of Free­
port and Vicinity, Texas." Unpub. Contains Appendices I-VII. 1958. 
Rev. 1961. [USCE-GjH94Fj 

458. U. S. Corps of Engineers. "Maintenance Dredging Clear Creek and Clear 
Lake, Texas." 57 p. Final Environmental Statement. 1975. [EIS/C58] 

459. U. S. Corps of Engineers. "Maintenance Dredging Galveston Harbor and 
Channel, Texas (Galveston Harbor Channels)." 62 p. Final Environ-
mental Statement. 1975. [EIS/G13M] 

x-36 



BIBLI(x;RAPHY (cont I d. ) 

460. U. S. Corps of Engineers. "Maintenance Dredging, Texas City Channel, 
Texas." 71 p. Final Envirorunental Statement. 1974. [EIS/'I'31j 

461. U. S. Corps of Engineers waterways Exper. Sta •. "Model Study of Galveston 
Harbor Entrance, Texas, Hydraulic Model Investigation." 49 p. Their 
Technical Report No. H-69-2. 1969. [USCE-G/G13Mj 

462. U. S. Corps of Engineer. "The Ports of Galveston and Texas City,. Texas." 
121 p. Their Port Series No. 23. Rev. 1959. [USCE-FO/23/1959j 

463. U. S. Corps of Engineers. "Preliminary Report on Barbour Cut at Morgan 
Point, Texas." 7 p. 1962. [USCE-GjH81Bj 

464. U. S. Corps of Engineers. "Review of Corps of Engineers Report on Texas 
City and Vicinity, Texas, La Marque-Hitchcock Extension." 1966. 
[USCE-G/L16HDj 

465. U. S. Corps of Engineers. "Review of Reports on Chocolate Bayou, Texas." 
Unp. 1964. [USCE-G/C45j 

466. U. S. Corps of Engineers. "Review of Reports on Galveston Harbor & Chan-
nel, Texas-Galveston Channel 40-Foot Project." 62. p. Galveston, 
Texas. 1970. [USCE-G/G13Gj 

467. U. S. Corps of Engineers. "Review of Reports on Texas City Channel, 
Texas-Industrial Canal." 
T32Rj 

37 p. Galveston, Texas. 1970. [USCE-G/ 

468. U. S. Corps of Engineers. "Review of Report on Texas City and Vicinity, 
Texas, La Marque-Hitchcock Extension Hurricane Flood Protection." v.p. 
1965. [USCE-G/L16Hj 

469. U. S. Corps of Engineers. "The Shore of Galveston Bay, Texas Beach Ero­
sion Control, Report on Preliminary Examination." 14 p. 1953. 

470. U. S. Corps of Engineers. "Survey Report on Clear Creek, Texas Flood 
Control." Unpub. Appendices I-IV. 1967. [USCE-G/C58Sj 

471. U. S. Corps of Engineers. "Texas City and Vicinity, Texas, Storm Protec­
tion, Report on Survey of." 35 p. 1957. [USCE-G/'I'31Tj 

472. U. S. Department of Commerce, National Marine Fisheries Service, Texas 
Parks and Wildlife Department. "Texas Landings: Annual Surnnary, 1969," 

. by O. H. Farley. Current Fisheries Statistics No. 5232. 197.0. 

473. U. S. Department of OJrrmerce, National Marine Fisheries Service, Texas 
Parks and Wildlife Department. "Texas Landings: Annual Surnnary, 
1970," by O. H. Farley. Current Fisheries Statistics No. 5616. 1971. 

474. U. S. Department of OJrrmerce, National Marine Fisheries Service, Texas 
Parks and Wildlife Department. "Texas Landings: Annual Surnnary, 
1971," by O. H. Farley. Current Fisheries Statistics No. 5923. 1972. 

X-37 



BIBLI(x;RAPHY (cont' d. ) 

475. U. S. Department of Camterce, National Marine Fisheries Service, Texas 
Parks and Wildlife Department. "Texas Landings: Annual Sumnary, 1972," 
by O. H. Farley. Current Fisheries Statistics No. 6124. 1973. 

476. U. S. Department of Camterce, National Marine Fisheries Service, Texas 
Parks and Wildlife Department. "Texas Landings: Annual S\.lIlIllary, 1973," 
by O. H. Farley. Current Fisheries Statistics No. 6423. 1974. 

477. U. S. Department of Camterce, National Marine Fisheries 
Parks and Wildlife Department. "Texas Landings: Annual 
by O. H. Farley. Current Fisheries Statistics No. 6723. 

Service, Texas 
S \.lIlIllary, 1 974 , " 

1975. 

478. U. S.Department of Camterce, National Marine Fisheries Service, Texas 

479. 

Parks and Wildlife Department. "Texas Landings: Annual Sumnary, 
1975," by O. H. Farley. Current Fisheries Statistics No. 6923. 1977. 

U. S. Department of Camterce, National Marine Fisheries 
Parks and Wildlife Department. "Texas Landings: Annual 
by O. H. Farley. Current Fisheries Statistics No. 7223. 

Service, Texas 
Sumnary, 1976," 

1978. 

480. U. S. Department of Camterce, NOAA. "Cooperative Gulf of Mexico 
Estuarine Inventory and Study - Texas: Area Description," by R. A. 
Diener. National Marine Fisheries Service Circular 393. 129 p. 1975. 

481. U. S. Department of Interior, Bureau of Camtercial Fisheries, Texas Parks 
and Wildlife Department. "Texas Landings: Annual Sumnary, 1962," by 
O. H. Farley. Current Fisheries Statistics No. 3309. 1963. 

482. U. S. Department of Interior, Bureau of Camtercial Fisheries, Texas Parks 
and Wildlife Department. "Texas Landings: Annual Sumnary, 1963," by 
O. H. Farley. Current Fisheries Statistics No. 3627 (Revised). 1964. 

483. U. S. Department of Interior, Bureau of Camtercial Fisheries, Texas 
Parks and Wildlife Department. "Texas Landings: Annual S\.lIlIllary, 
1964," by O. H. Farley. Current Fisheries Statistics No. 3901. 1965. 

484. U. S. Department of Interior, Bureau of Camtercial Fisheries, Texas Parks 
and Wildlife Department. "Texas Landings: Annual S\.lIlIllary, 1965," by 
O. H. Farley. Current Fisheries Statistics No. 4156. 1966. 

, 
485. U. S. Department of Interior, Bureau of Oommercial Fisheries, Texas Parks 

and Wildlife Department. "Texas Landings: Annual S\.lIlIllary, 1966," by 
O. H. Farley. Current Fisheries Statistics No. 4529. 1967. 

486. U. S. Department of Interior, Bureau of Camtercial Fisheries, Texas Parks 
and Wildlife Department. "Texas Landings: Annual S\.lIlIllary, 1967," by 
O. H. Farley. Current Fisheries Statistics No. 4675. 1968. 

487. U. S. Department of Interior, Bureau of Camtercial Fisheries, Texas Parks 
and Wildlife Department. "Texas Landings: Annual Sumnary, 1968," by 
O. H. Farley. Current Fisheries Statistics No. 4962. 1969. 

X-38 



BIBLIOGRAPHY (cent' d) 

488. U. S. Environmental Protection Agency. "Report on Pollution Affecting 
Shellfish Harvesting in Galveston Bay, Texas." 1971. [628. 168/UN3REP] 

489. U. S. Environmental Protection Agency, Office of Water Planning & Stand­
ards. "Effects and Control of Nutrients in Estuarine Ecosystems," by J. 
E. Hobbie and B. J. Copeland. In: Estuarine Pollution Control and 
Assessment Proceedings of a Conference, Vol. 1, W. 257-274. Washing­
ton, D. C. 1977. 

490. U. S. Environmental Protection Agency, Office of Water Planning and Stand­
ards. "Nutrient Loading in the Nation's Estuaries," by M. A. Champ. In: 
Estuarine Pollution Control and Assessment Proceedings of a Conference. 
Vol. 1 ,W. 237-255. Washington, D. C. 1977. 

491. U. S. Environmental Protection Agency, 'l11e Texas Water Quality Board et 
al. Galveston Bay Enforcement Conference, Houston, Texas, June 7-12, 
1971. Supplementary Report to Federal-State Technical Task Force, Work­
ing Paper Only. 1971. [628. 168/G13/SUPP] 

492. 

493. 

U. S. Federal Water 
October 8, 1968. 
[628. 168/UN3PU] 

Pollution Control Administration. "PUblic Hearing, 
Moody Center, Galveston, Texas." 353 p. 1971. 

U. S. Fish and Wildlife Service. "The 
virginica (Gmelin)," by P. S. Galtzoff. 
1964. 

American Oyster, Crassostrea 
Fisheries Bulletin 6, 480 p. 

494. U. S. Fish and Wildlife Service. "An Annotated Bibliograj:ily of the Fish 
and Wildlife Resources of Galveston Bay, Texas," by S. P. Christman et 
al. Biological Services Program, FWS/OBS-78-71. 2 Vols. 1978. 

495. U. S. Fish and Wildlife Service. "Combined Effects of Temperature and 
Salinity on Developnent of Eggs and GI'CMth of Larvae of M. Mercenaria 
and ~. virginica," by H. C. Davis and A. Calabrese. Fisheries 
Bulletin, Vol. 63, W. 643-655. 1964. 

496. U. S. Fish and Wildlife Service. "Protein Taxonomy of the Gulf of Mexico 
and Atlantic Ocean Seatrouts, Genus Cynoscion," by. M. P. Weinstein and 
R. W. Yerger. Fisheries Bulletin, Vol. 74, W. 599-607. 1976. 

497. U. S. Fish and Wildlife Service. "A Reevaluation of the Combined Effects 
of Temperature and Salinity on Survival and GI'CMth of Bivalve Larvae 
using Response Surface Techniques," by R. G. Lough. Fisheries Bulletin, 

. Vol. 73, W. 86-94. 1975. 

498. U. S. Fish and wildlife service. "Results of the Trinity Bay Study," by 
R. A. Diener. pp. 67-69. Service Circular 161. 1962. 

499. U. S. Fish and Wildlife Service. 
Abundance of the Planktonic Stage 
R. Temple and C. Fischer. U. S. 
Vol. 66, W. 323-334. 1968. 

X-39 

"Seasonal Distribution and Relative 
Shrimp in the Northwestern Gulf," by 
Fish and Wildlife Service Bulletin, 



BIBLICX>RAPHY (cont' d. ) 

500. U. S. Fish and Wildlife Service. "Seasonal Occurrence and Size 
Distribution of Post-larval Brown and White Shrinp near Galveston, 
Texas, with Notes on Species Identification," by K. N. Baxter and W. C. 
Renfro. Fisheries Bulletin, Vol. 66, pp. 148-158. 1966. 

501. U. S. Fish and Wildlife Service. "surrunary of Information: Relationship 
of Freshwater Inflow to Estuarine Productivity along the Texas Coast," 
by C. T. Hackney. Report FWS/OBS-78/73. 25 p. 1978. 

502. U. S. Fish and wildlife Service. 
Penaeus," by I. Perez-Farfante. 

''Western Atlantic Shrinps of the Genus 
Bulletin No. 67, pp. 461-591. 1969. 

503. U. S. Fish and Wildlife Service, Bureau of Comnercial Fisheries. "Gulf 
Coast Shrirrp Data, Annual Surrunary 1959." 24 p. Prepared in rooperation 
with fishery, agencies of Florida, Alabama, Mississippi, Louisiana, and 
Texas. U. S. Dept. Interior, Washington, D. C. 1960. 

504. U. S. Fish and Wildlife Service, Bureau of Comnercial Fisheries. "Gulf 
Coast Shrirrp Data, Annual Surrunary 1960. 23 p. 'prepared in rooperation 
with fishery agencies of Florida, Alabarra, Mississippi, Louisiana, and 
Texas. U. S. Dept. Interior, Washington, D. C. 1961. 

505. U. S. Fish and Wildlife Service, Bureau of Comnercial Fisheries. "Gulf 
Coast Shrirrp Data, Annual Surrunary 1961." 24 p. Prepared in, rooperation 
with fishery agencies of Florida, Alabarra, Mississippi, Louisiana, and 
Texas. U. S. Dept. Interior, Washington, D. C. 1962. 

506. U. S. Fish and Wildlife Service, Bureau of Ccmnercial Fisheries. "Gulf 
Coast Shrirrp Data, Annual Surrunary 1962." 38 p. Current Fisheries Sta­
tistics No. 3358. Prepared in rooperation with fishery agencies of 
Florida, Alabarra, Mississippi, Louisiana, and Texas. U. S. Dept. 
Interior, Washington, D. C. 1963. 

507.' U. S. Fish and Wildlife Service, Bureau of Corrrnercial Fisheries. "Gulf 
Coast Shrirrp Data, Annual Surrunary 1963." 53 p. Current Fisheries Sta­
tistics No. 3515. Prepared in rooperation with fishery agencies of 
Florida, Alabama, Mississippi, Louisiana, and Texas. U. S. Dept. 
Interior, Washington, D. C. 1964. 

508. U. S. Fish and Wildlife Service, Bureau of Comnercial Fisheries. "Gulf 
Coast Shrirrp Data, Annual Surrunary 1964." 55 p. Current Fisheries Sta­
tistics No. 3784. Prepared in rooperation with fishery agencies of 
Interior, washington, D. C. 1965. 

509. U. S. Fish and Wildlife Service, Bureau of Ccmnercial Fisheries. "Gulf 
Coast Shrirrp Data, Annual Surrunary 1965." 36 p. Current Fisheries 
Statistics No. 4111. Prepared in rooperation with fishery agencies of 
Florida, Alabarra, Mississippi, Louisiana, and Texas. U. S. Dept. 
Interior, Washington, D. C. 1966. 

510. U. S. Fish and Wildlife Service, Bureau of Ccrnnercial Fisheries. ,"Gulf 
Coast Shrimp Data, Annual Surrunary 1966." 34 pp. Current Fisheries 

X-40 



BIBLIOGRAPHY (cont' d. ) 

Statistics No. 4411. Prepared in oooperation with fishery agencies of 
Florida, Alabama, MississiWi, Louisiana, and Texas. U: S. Dept. 
Interior, Washington, D. C. 1967. 

511. U. S. Fish and Wildlife Service, Bureau. of Comnercial Fisheries. "Gulf 
Coast Shrimp Data, Annual Summary 1967." 39 p. Current Fisheries Sta­
tistics No. 4781. Prepared in oooperation with fishery agencies of 
Florida, Alabama, MississiWi, Louisiana, and Texas. U. S. Dept. 
Interior, Washington, D. C. 1968. 

512. U. S. Fish and Wildlife Service, Bureau of Comnercial Fisheries. "Gulf 
Coast Shrimp Data, Annual Summary 1968." 34 p. Current Fisheries Sta­
tistics No. 5107. Prepared in oooperation with fishery agencies of 
Florida, Alabama, 'MississiWi, Louisiana, and Texas. U. S. Dept. 
Interior, Washington, D. C. 1969. 

513. U. S. Fisheries Comnission. "Report on the Inquiry Respecting Food-Fishes 
and the Fishing Grounds," by R. Rathbun. Report 19, w. 23-26. 1895. 

514. U. S. Geological Survey. "Land Surface Subsidence in the Area of M::lses 
Lake Near Texas City, Texas," by R. K. Gabrysch. 42 p. Their Water 
Resources Investigations 76-32. 1975. [333.9/UN3WRI/76-32] 

515. U. S. Geological Survey. ''Water Resources Data for Texas, 1966-1976." 
Austin, Texas. v.p. 

516. U. S. Lyndon B. Johnson Space Center. "Corrparison of Two Unsupervised 
Classification Algorithms for Delineation of Coastal Features of Galves­
ton Island Texas," by Lockheed Electronics Co., Inc. 6 p. 1973. 
[550. 28/UN3C] 

517. U. S. National Marine Fisheries Service. "Economic Activity Associated 
wi th Marine Recreational Fisheries." 41 p. June 1977. 

518. U. S. National Marine Fisheries Service. 
. Estuarine Engineering Projects," by R. 

Rept. NOAA-72091953. 1970. 

"An Evaluation of the Effects of 
B. Johnson, Jr. 141 p., Tech. 

519. U. S. National Marine Fisheries Service. "Gulf Coast Shrimp Data, Annual 
Summary 1969." 36 p. Current Fisheries Statistics No. 5412. Prepared 
in cooperation with fishery agencies of Alabama, Florida, Louisiana, 
Mississippi, and Texas. U. S. Dept. Comnerce, Washington, D. C. 1970. 

520. U. S. National Marine Fisheries Service. "Gulf Coast Shrimp Data, Annual 
Summary 1970." 30 p. Current Fisheries Statistics No. 5721. Prepared 
in cooperation with fishery agencies of Alabama, Florida, Louisiana, 
MississiWi, and Texas. U. S. Dept. Commerce, Washington, D. C. 1971. 

521. U. S. National Marine Fisheries Service. "Gulf Coast Shrimp Data, Annual 
Summary 1971." 30 p. Current Fisheries Statistics No. 5925. Prepared 
in cooperation with fishery agencies of Alabama, Florida, Louisiana, 
Mississippi, and Texas. U. S. Dept. Commerce, Washington, D. C. 1973. 

X-41 



BIBLIOGRAPHY (cent' d. ) 

522. U. S. National Marine Fisheries Service. "Gulf Goast Shrimp Data, Annual 
Summary 1972." 30 p. Current Fisheries Statistics No. 6126. Prepared 
in cooperation with fishery agencies of Alabama, Florida, Louisiana, 
MississiWi, and Texas. U. S. Dept. Comnerce, Washington, D. C. 1974. 

523. U. S. National Marine Fisheries Service. "Gulf Goast Shrimp Data, Annual 
Summary 1973." 31 p. Current Fisheries Statistics No. 6425. Prepared 
in cooperation with fishery agencies of Alabama, Florida, Louisiana, 
MississiWi, and Texas. U. S. Dept. Corrrnerce, Washington, D.C. 1974. 

524. U. S. National Marine Fisheries Service. "Gulf Coast Shrimp Data, Annual 
Summary 1974." 33 p. Current Fisheries Statistics No. 6725. Prepared 
in cooperation with fishery agencies of Alabama, Florida, Louisiana, 
Mississippi, and Texas. U. S. Dept. Comnerce, Washington, D. C. 1975. 

525. U. S. National Marine Fisheries Service. "Gulf Goast Shrimp Data, Annual 
Summary 1975." 26 p. Current Fisheries Statistics No. 6925. Prepared 
in cooperation with fishery agencies of Alabama, Florida, Louisiana, 
MississiWi, and Texas. U. S. Dept. Comnerce, Washington, D. C. 1976. 

526. U. S. National Marine Fisheries Service. "Gulf Goast Shrimp Data, Annual 
Summary 1976." 13 p. Current Fisheries Statistics No. 7225. Prepared 
in cooperation with fishery agencies of Alabama, Florida, Louisiana, 
MississiWi, and Texas. U. S. Dept. Corrrnerce, Washington, D. C. 1978. 

527. U. S. National Marine Fisheries Service. "A Hydrographic survey of the 
Galveston Bay System, Texas, 1963-66." 22 p. In 1 Fiche. IDM Tech­
nical Report. NMFS SSRF-639. 1971. [FICHE/COM71/50604] 

528. U. S. Soil Conservation Service. "Report of 
Trinity Bay Soil Conservation District Texas." 
[627. 54/H23TB] 

Drainage Survey of the 
18 p. Fort Worth, 1974. 

529. U. S. Soil Conservation Service. "East Bay Bayou Erosion Control RC&D 

530. 

Measure Plan, Chambers and Jefferson Counties, Texas." 9 p. Southeast 
Texas RC&D Project. 1976. [631.45jUN3EBB] 

Valiela, 
ticn." 
Queen, 

1. and J. M. Teal. "Nutrient Limitation in Salt Marsh Vegeta­
In: Ecology of Halophytes. editors, R. J. Reiroc>ld and W. H. 

W. 547-563 •. Academic Press, N. Y. 1974. 

531. Valiela, 1. et al. "Production and Dynamics of Salt Marsh Vegetation and 
the Effects of Experimental Treatment with Sewage Sludge." J. AWlied 
Ecol., Vol. 12, W. 973-981. 1975. 

532. Van Roalte, C. D. et al. "Production of Epibenthic Salt Marsh Algae: 
. Light and Nutrient Limitation." Limnology and Oceanography, vol. 21, 

No. 6~ W. 862-872. 1976. 

533. Van Winkle, w., Jr. "The Effects of Season, Temperature and Salinity on 
Oxygen Consumption of Bivalve Gill Tissue." Compo Biochem. Physiol., 
Vol. 26, W. 69-80. 1968. 

X-42 



BIBLICX:;RAPHY (cont' d. ) 

534. Venkataramiah, A., et al. "A Review of the Effects of Sane Environmental 
'and Nutritional Factors on Brown Shrimp, Penaeus aztecus Ives in Labora­
tory Cultures." In: Proceedings of 10th European Symposium on Marine 
Biology (1975), Vol. 1, pp. 523-547. 1977. ' 

535. verilberg, F., 'J. and W. B.' Vernberg. "Adaptations to Extreme Environ-
ments." In: PhysiologiciU Ecol8'Q of Estuarine' Organisms, edited by 
F. J. Vernberg, pp. 165-180. Umv. South Carolina Press, Columbia. 

, 1975. 

536. Vernberg, W. B. and F. J. Vernberg. "Environmental Physiology of Marine 
Animals." Springer-Verlag, New York. 346 p. 1972. 

537. Waisel, Y. "BiolOgy of the Halophytes." Academic Press, New York. 395 
p. 1972. 

538. 

539. 

Wakeman, J. M. "Environmental Effects on 
Performance of' Some Estuarine Fishes." 
Tex., 146 p. 1978. 

Metabolic Scope and swimming 
Ph. D. Dissertation, Univ. 

Wallace, D. H. "Oysters in the Estuarine Environment." 
on Estuarine Fisheries, edited by R. F. Snith, Jlrner. 
Publ. No.3, pp. 68-73. 1966. 

In: A Symp?sium 
Fish. Soc., Spec. 

540. Water Resources Engineers, Inc. "An Aquatic Ecologic Model for Texas Bays 
and Estuaries," by R. J. Brandes. Rep?rt to Texas Water Development 
Board, Austin, Texas. August 1976. 

541. Water Resources Engineers, Inc. "RIVTID, Simulation of Flood-Flow Hydro-
dynamics in River/I'idal Systems: Program Documentation and User's 
Manual," by R. J. Brandes and R. B. Wise. v.p. Austin, Texas. 1973. 

542. Weinstein, M. P. and R. W. Yerger. "Electrophoretic Investigaion of Sub­
p?pulations of the Sp?tted Seatrout, Cynoscion nebulosus (Cuvier), in 
the Gulf of Mexico and Atlantic Coast of Florida." Comp. Biochem. 
Physiol., Vol. 54, pp. 97-102. 1976. 

543. Wells, H. W. "The Fauna of Oyster Beds, with Special Reference to the 
Salinity Factor." Ecol. ~nitor, Vol. 31, pp. 239-266. 1961. 

544. Wiesepape, L. M., D. V. Aldrich, and K. Strawn. "Effects of Temperature 
and Salinity on Thermal Death in Postlarval Brown Shrimp, Penaeus 
aztecus." Physio. Zoo. , Vol. 45, pp. 22-33. 1972. 

545. Williams, A. B. and E. E. Deubler. "A Ten Year Study of Meroplankton in 
North Carolina Estuaries: Assessment of Environmental Factors and 
Sampling Success am::mg Bothid Flounders and Penaeid Shrimps." 'Ches. 
Sci., Vol. 9, pp. 27-41. 1968. 

546. Williams, R. B. and M. B. Murdoch. "The Potential Importance of Spartina 
alterniflora in Conveying Zinc, Manganese, and Iron into Estuarine Food 
Chains. II In: Proc. of the Second National S)'l'IIfX?sium on Radioecology, 
edited by D. J. Nelson and F. C. Evans, pp. 431 439. USAEC, Conf. -
670503. 1969. 

X-43 



BIBLIOGRAPHY (ront'd.) 

547. Wohlschlag, D. E. and B. J. Copeland. "Fragile Estuarine Systems -
Erological Considerations." water Res. Bull., Vol. 6, pp. 94-105. 
1970. 

548. Yakupzack, P. M., et al. "Emigration of Juvenile Atlantic Croakers, 

549. 

Micropogon undulatus, from a Semi-impounded Marsh in Southwestern 
Louisiana." Trans. Amer. Fish. Soc., Vol. 106, pp. 538-544. 1977. 

Yokel, B. J. "A Contribution 
Drum, Sciaenops ocellata." 
Florida. 1966. 

to "the Biology and Distribution of the Red 
M. S. Thesis, univ. Miami, Coral Gables, 

550. Zein-Eldin, Z. P. and G. oW. Griffith. "An Appraisal of the Effects of 
salinity and Temperature on Growth and Survival of Post larval Penaeids," 
FAD Fish. Rept., Vol. 3, pp. 1015-1026. 1969. . 

551. Zein-Eldin, Z. P. "Effect of salinity on Growth of Postlarval Penaeid 
Shrimp." BioI. Bull., Vol. 125, pp. 188-196. 1963. 

552. Zein-Eldin, Z. P. and D. V. Aldrich. "Growth and Survival of Postlarval 
penaeus aztecus under Controlled Conditions of Temperature and Salin­
ity." BioI. Bull., Vol .. 129, pp. 199-216. 1965. 

X-44 



APPENDIX 



List of Persons Receiving. the'Draft Report 

Name 

Bob Armstrong* 

Charles D. Travis 

Executive Director 

Robert Bernstein* 

John Poerner 

Edward Vetter 

, Mark White, ' 

Mit Spears 

A.R. Schwartz 

Jimmie Schindewolf 

Bill Clayton 

William P. Hobby 

Errmett Gloyna 

James C. Donovan 

Donald J. Palladino 

James M. Sigler 

Bill Waddle 

Robert A. 'lbomas 

A-1 ' 

Agency 

General Land Office Texas, Austin 

Texas Parks & Wildlife Department, 
Austin 

Texas Coastal & Marine Council, 
Austin 

Texas Department of Health, 
Austin 

Railroad Commission of Texas,' 
Austin 

Texas Energy & Natural Resources 
Council, Austin 

Attorney General of Texas,· Austin 

Governor's Budget & Planning 
Office, Austin 

Texas Senate, Galveston 

Houston Department of Public 
Works, Houston 

Speaker, Texas House of 
Representatives, Austin 

Lt. Governor of Texas, Austin 

u. S. Water and Power Resources 
Service, Austin 

U.S. Army Corps of Engineers, 
Dallas 

U.S. Army Corps of Engineers, 
Fort ~rth 

U.S. Army'Corps of Engineers, 
Galveston 

Texas Water Conservation 
Association, Austin 

Louisiana Nature Service Center, 
New Orleans, La. 



List of Persons Rece i ving .the Draft Report (Cant' d. ) 

Name 

Marty Hathorne 

William G. WOOley 

Danny Vance 

Dale Yost 

Clark Hubbs 

N.E. Armstrong 

G.A. Rohlich 

Pat Parker· 

D. E. Wohlschlag 

Sergio G. Sandoval* 

R.J. Reimold 

M.A. Kjelson 

Roy W. Hann, Jr. 

Robert Schoen 

Alejandro Yanez Arancibia* 

T~J. Conorros 

Charles Lyles 

Joseph R. Higham 

A-2 

Agency 

u.s. Army Corps of l:.'ngineers, 
Fort Worth 

U.S. Army Corps of Er.gineers, 
Galveston 

Trinity River Authority, 
Arlington, Tx. 

u.s. Geological Survey, Austin 

University of Texas at Austin 

University of Texas at Austin 

University of Texas at Austin 

University of Texas Marine Science 
Institute, IQrt Aransas 

University of Texas Marine Science 
Institute, IQrt Aransas 

Instituto Nacional De Pesca, 
Tampico, MEX 

Georgia Department of Natural 
Resources, Brunswick, GIl. 

U.S. Fish & Wildlife Service, 
Stockton, CA 

Texas A&M University, ·College . 
Station 

U.S. Geological Survey, Reston, 
VA 

Centro de Ciencias Del Mar, MEX 

U.S. Geological Survey, Menlo 
Park, CA 

Gulf States Fisheries Commission, 
Ocean Springs, MISS 

U.S. Fish & Wildlife Service, 
Austin 



List of Persons Receiving the Draft Report (Cont 'd.) 

Name 

Donald Moore*' 

Stuart Henry 

Robert E. Smith 

RalIi1 Rayburn 

Catherine Perrine 

Paul Fore 

Sharron Stewart 

Adlene Harrison* 

Feenan D. Jennings 

Jack Runkles* 

Carl Oppenheimer* 

Vito BlQl'OC) 

Murray Walton 

Agency 

National Marine Fisheries Service, 
Galveston 

Sierra Club 

u.S. Geological Survey, ,HOuston 

Texas Shrirrp Comnission, Austin 

League of WOmen Voters, Dallas 

u.S. Fish & Wildlife Service, 
Albuquerque 

Texas Environmental Coalition, 
Lake Jackson 

u.S. Environmental Protection 
Agency, Dallas 

Texas A&M University, College 
Station 

Texas A&M University, College 
Station 

University of Texas Marine Science 
Institute, RJrt Aransas 

Gulf of Mexico Fishery Management 
Council, Tampa, FLA 

Wildlife Management Institute, 
Dripping Springs 

* Indicates a letter was received from the named individual--or his (her) 
respective agency--in reply to the TDWR's request for camments on the draft 
report. 
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