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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 more than preliminary
estimates of inflow needs based upon historical inflows to each estuary.
Furthermore, 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 ecological
environment of the bays and estuaries of Texas and the health of related
living marine resources." Both Senate Concurrent Resolution 101 (63rd
Legislature, 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 1living marine
resources."

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

This report is one in a series of reports on Texas bays and estuaries
designed to fulfill the mandate of Senate Bill 137. 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 oomprehensive, yet understandable manner, the results of these
planning efforts,
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CHAPTER I

SUMMARY

Concepts and Methods

The provision of sufficient freshwater inflow to Texas bays and estuaries
is a vital factor in maintaining estuarine productivity, and a factor oontri-
buting to the near-shore fisheries productivity of the Gulf of Mexico. This
report analyzes the interrelationships between freshwater inflow and estuarine
productivity for the Lavaca-Tres Palacios estuary of Texas, and establishes
the seasonal and monthly freshwater inflow needs for a range of alternative
management policies.

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

Description of the Estuary and the Surrounding Area

- The Lavaca~Tres Palacios estuary includes Matagorda Bay, Lavaca Bay, Cox
Bay, Keller Bay, Carancahua Bay, Tres Palacios Bay, and several other hays.
About 44,040 square miles (114,600 k'm2) of Texas oontribute runoff to the
estuary, including the Colorado and Lavaca Basins, and the Colorado-Lavaca and
Lavaca-Guadalupe Coastal Basins.

Major marsh areas of the Lavaca-Tres Palacios estuary are associated with
river deltas. Active delta plains, such as the Lavaca delta, are covered with
salt, brackish, and freshwater marshes. The Lavaca delta is being eroded
along its perimeter. 1In fact, most of the shorelines associated with the
Lavaca-Tres Palacios estuary are eroding, indicating that the sediment wvolume
supplied to Gulf and bay shorelines is insufficient to balance the amount of
sediment removed by waves and longshore drift. Mainland beaches are made up
predominately of shell and rock fragments, indicating that very little sand is
currently being supplied to these beaches by the rivers,

Groundwater resources of the area occur in a thick sedimentary sequence
of interbedded gravel, sand, silt and clay. Near the Lavaca-Tres Palacios
estuary the fresh to slightly saline portion of the aquifer (up to 3,000 mg/1
total dissolved solids) extends to a maximum depth of about 1,600 feet (488
m). The most productive part of the aquifer is from 200 to 600 feet (61 — 183
m) thick.



Land use in the area is dominated by agricultural and ranching
activities, with rice being the principal irrigated crop. Crops such as grain
sorghum, corn, soybeans, and cotton are dryland crops produced in the area.

The estuary is a significant resource of the commercial fishing industry -
in Texas. Since 1962, the average annual commercial inshore catch (all
species) in this estuarine system has exceeded 3.3 million pounds (1.5 million
kg), second in Texas-only to the Trinity-San Jacinto estuary. Shellfish,
particularly shrimp, constitute the major portion of the commercial landings,
accounting for more than 90 percent of the total harvest weight. The fishing
resources of the estuary include many fish species preferred by sport
fisherman., Studies by the Texas Parks and Wildlife Department of the sport
catch in the estuary indicate that an estimated 970,000 pounds (440,000 kg) of
fish (all species) were caught during the one year period from September 1975
through August 1976. Species composition of the sport harvest are
predominantly seatrout (32.6 percent), gafftop-sail (19.4 percent), . and
flounder (18.2 percent). The total coontribution of this estuary to the sport
and commercial harvests of estuarine-dependent fisheries species during the
1972 through 1976 interval is estimated at 18.1 million pounds (8.2 million
kg) annually for combined inshore and offshore areas.

Hydrology

Sources of freshwater inflow to the Lavaca-Tres Palacios estuary include
gaged inflows from the contributing rivers and streams; ungaged runoff; return
flows from municipal, industrial and agricultural sources; and precipitation
on the estuary. Measurement of freshwater inflow adds to the understanding of
inflow timing and volumes and their influence on bay productivity. To compute
accurate inflow estimates, gaged stream flows require adjustment to reflect
any withdrawals or return flows downstream from gage locations. Ungaged
runoff is estimated by computerized mathematical models using field data for
calibration and verification. Rainfall is estimated as a distance weighted
average of the daily precipitation recorded at weather stations surrounding
the estuary. :

Freshwater inflow, in terms of annual and monthly average values over the
1941 to 1976 period, varied widely as a result of recurrent drought and flood
conditions. On the average, the total freshwater inflow to the estuary
{1941-1976) consisted of: (1) gaged ocontributions from the Lavaca Basin (16
percent), (2) a portion of gaged inflow from the Colorado Basin (34 percent),
(3) runoff from ungaged areas (25 percent), (4) return flows from ungaged
areas (2 percent), and (5) direct precipitation on the estuary (23 percent).

In general, the quality of gaged inflows to the Lavaca-Tres Palacios
estuary has been good. None of the streams contributing to the estuary have
been in violation of existing State/Federal stream standards, = Detailed
studies of past water quality problems in and around the estuary have
pinpointed heavy metals as a significant concern near the major industrial
sites. TILocally, bottom sediment san'ples have exceeded EPA dredge criteria
{1974) for metals in sediments for arsenic, cadmium, mercury and zinc. Bottom
sedlments collected and analyzed for herbicides and pest1c1des showed DDD,
DDE, DDT, and dieldrin occurring in local areas in concentrations equal to or
greater than the analytical detection limit during the period 1969 to 1974.



Circulation and Salinity

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

To more fully evaluate the tidal hydrodynamic and salinity transport
characteristics of estuarine systems, the Texas Department of Water Resources
developed digital mathematical models representing the important mixing and
physical exchange processes of the estuaries. These models were designed to
simulate the tidal circulation patterns and salinity distributions in shallow,
irregular, non-stratified estuaries. The basic ooncept utilized to represent
each estuary is the segmentation of the physical system into a grid of dis-
crete elements. The models utilize numerical analysis 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 was necessary to describe and compute estimates of the
complex tidal and freshwater inflow interactions. A mathematical model based
upon the physical laws of conservation of mass and momentum was developed to
simulate the passage of water and nutrients through a deltaic system. The
computations were based upon use of a finite difference approximation to the
equations which describes the governing physical relationships.

The marsh inundation model has been applied separately to both the Lavaca
and Colorado River deltas. Fach delta system is represented as a series of
interconnected shallow channels which are subject to varying levels of inun-—
dation, depending upon the tidal and riverine flow rates. The representation
of the Colorado River delta includes the section of the Gulf of Mexico and
Matagorda Bay adjacent to the delta and the Colorado River Channel up to Bay
City, Texas. The representation of the Lavaca River delta includes the non-
tidally influenced floodplain of the Lavaca and Navidad Rivers from the stream
gages near Edna and Ganado downstream to Lavaca Bay.

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, comparing them with
actual observed conditions, and adjusting the ocefficients until adequate
agreement between observed and simulated conditions was achieved.

The numerical tidal hydrodynamic and salinity mass transport models have
been applied to the Lavaca-Tres Palacios estuary, with the model representa-
tion of the system including Lavaca Bay, Matagorda Bay, and a portion of the
Gulf of Mexico adjacent to Matagorda Peninsula. The hydrodynamic and mass
transport models were calibrated and verified for the estuary.

The extent of marsh inundation in the Lavaca and Colorado River deltas
was investigated utilizing the verified inundation models for these systems.
The submerged surface area of the Lavaca delta was determined for six typical
flood hydrographs under low, high and average tidal amplitudes. Flooding of
the Colorado River delta has been due principally to tidal inundation, since
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extensive levees prevent stream bank overtopping except under extreme flooding
conditions.

Statistical analyses were undertaken to quantify the relationship between
freshwater inflows from the Lavaca and Colorado River and salinities in upper
Lavaca Bay and the eastern end of Matagorda Bay. Utilizing gaged daily river
flows in the Lavaca and Colorado Rivers and observed salinities, a set of
monthly predictive salinity equations was derived utilizing regression
analyses for the two indicated areas of the estuary. These equations predict
the mean monthly salinity as a function of the mean monthly freshwater inflow
rate. N :

Nutrient Processes

Freshwater inundation of the Colorado River delta marshes from river
overbanking is a rare event. Marshes in this delta probably function much
like those along the east coast of the United States; that is, export of
nutrients, both dissolved and particulate, occur as a function of regular
periodic tidal activity. High tides in Matagorda Bay and/or strong
southeasterly winds are the major driving forces causing inundation of these
intertidal marsh areas. '

By contrast, the marshes of the Lavaca River delta are subject to
periodic inundation during periods of high river flows as well as tidal inun-
dation. During inundation events, high rates of organic carbon and organic
nitrogen export (both particulate and dissolved) occur initially. After the
initial flush of material, steady-state exchange rates in the Lavaca River
delta are similar to those that have been observed in the Colorado River delta
marshes. Pulses of high freshwater discharge and the resulting deltaic inun-
dation are thus important mechanisms contributing to increased nutrient trans-—
“port from the Lavaca River delta marshes to the estuary.

Aerial photographic studies of the Lavaca River delta, lower Colorado
River, and Pass Cavallo area have provided an insight into on—going wetland
processes. For the most part, the Lavaca River delta marshes appear to be the
most altered -by man {agricultural and cattle-raising activities and oil pro—
duction); the marshes of the Pass Cavallo area appear least impacted. The
long~range condition of the wetland environment will be considerably impacted
by the kinds of decisions which are made over the next few years with regard
to water, power, and navigational development; oil and gas production; and
expansion of agricultural and cattle-raising activities in the coastal zone.

Primary and Secondary Bay Production

The community composition, distribution of abundance and seasonality of
the phytoplankton, zooplankton, and benthic invertebrates of the Lavaca—Tres
Palacios estuary have been employed by Texas Parks and Wildlife Department
(244) as "indicators" of primary and secondary productivity. The estuarine
communities identified are typical in that they are composed of freshwater,
marine, and a mixture of endemic species (i.e., species restricted to the
estuarine zone). ' )

A total of 156 phytoplankton taxa representing seven divisions were
identified. Phytoplankton taxa diversities were generally related to fresh-
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water inflows. Minimum densities were found to occur when river inflow was
greater than 2,000 ft3/sec (56 m3/sec), while maximum standing crops were
associated with blooms of microflagellates and diatoms as the bay salinity
stabilized after high inflows.

A total of 201 zooplankton taxa representing 14 phyla have been identi-
fied., Over 80 percent of the total zooplankton standing crop was composed of
populations of barnacle nauplii, Acartia tonsa, and Oithona spp. Salinity and
water temperature were the two most important factors governing the species
composition during the study (244)., No significant statistical correlations
were found between zooplankton standmg crops or taxa diversity and freshwater
inflows. .

A total of 169 benthos taxa representing nine phyla have been identified.
Diversities have been generally greater in the lower bay where high salinities
prevail. Standing crops were not found to be 31gn1f1cantly oorrelated to
freshwater inflow.

Fisheries

Virtually all of the Gulf fisheries species are estuarine-dependent.
Commercial inshore harvests from bays of the Lavaca-Tres Palacios estuary rank
second in shellfish and fifth in finfish of eight major Texas estuarine . areas.
In addition, the estuary's sport or recreational finfish harvest is estimated
to be about five and one-half times larger than the oorrrnerc1al finfish
harvest.

Although a large portion of each Texas estuary's fisheries production is
harvested offshore in collective association with fisheries production from
other regional Texas 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 hy
the seasonal quantities and sources of freshwater inflow to an estuary through
ecological interactions involving salinity, nutrients, food (prey) production,
and habitat availability. Therefore, the fisheries species can be viewed as
integrators of their environment's coonditions and their harvests used as
relative ecological indicators, insofar as they reflect the general product-
ivity and "health" of an estuarine ecosystem.

A time series analysis of the 1962 through 1976 commercial bay fisheries
landings was successful for 70 percent of the correlations attempted between
the harvests and the seasonal freshwater inflows to the Lavaca-Tres Palacios
estuary. The analysis of harvest as a function of the seasonal inflows
resulted in 19 statistically significant regression equations. These equa-
tional models provide numerical estimates of the effects of variable seasonal
inflows, contributed from the major freshwater sources, on the inshore commer-—
cial harvest of seafood organisms from the estuary. The statistical analysis
supports existing scientific information on the seasonal importance of fresh—
water inflow to the estuary. Except for the blue crab fisheries component, all
harvest responses are estimated to be positive for increased spring season
(April-June) inflow and negative for increased summer (July-August) inflow. In
addition, the estimated harvest responses are all positive to autumn inflow
(the tropical storm dominated September-October interval), except for the
slight negative responses of the finfish and spotted seatrout components to
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increased autumn inflow at Colorado delta. Although penaeid shrimp harvests
relate negatively to both late fall (November-December) and winter (January-
March) season inflows, the blue crab, bay oyster, finfish, and red drum
fisheries components are estimated to respond positively to late fall inflow,
especially when it occurs at Lavaca delta. Only blue crab, bay oyster, and
finfish components relate positively to winter inflow.

Where the estimated seascnal inflow needs of the fisheries components are
similar, the components reinforce each other; however, where ocomponents are
competitive by exhibiting opposite seasonal inflow needs, a management deci-
sion must be made to balance the divergent needs or to give preference to the
needs of a particular fisheries component. . A choice oould be made on the
basis of which species's production is more ecologically characteristic and/or
economically important to the estuary. Whatever the decision, a freshwater
inflow management regime can only provide an opportunity for the estuary to be
viable and productive because there are mo guarantees for estuarine product-
ivity based on inflow alone, since many other biotic and abiotic factors are
capable of influencing this production.

Estimated Freshwater Inflow Needs

A methodology is presented in Chapter IX which combines the analysis of
the component physical, chemical and biological elements of the Lavaca-Tres
Palacios estuary into a sequence of steps which results in estimates of the
freshwater inflow needed to achieve selected salinity, marsh inundation and
fishery harvest objectives,

Monthly mean salinity bounds are specified for selected locations in the
estuary near the inflow points of the Colorado and Lavaca River Basins. These
upper and lower limits on monthly salinity were selected to provide a salinity
range which will not exceed bounds for viable metabolic and reproductive
activity, and also which will not exceed median monthly historical salinity
conditions.

Marsh inundation needs, for the flushing of nutrients from riverine
marshes into the open bays, are computed and specified for the Lavaca and
Colorado River deltas. Inundation of the marshes in the Colorado River delta
is rarely the result of freshwater discharge from the Colorado River, but is
normally due to tidal action. As a result, no inflow requirements for inun-
dation of the Colorado River delta are specified from the Colorado River
Basin.

The Lavaca River delta, however, is frequently submerged by floods from
the Lavaca and Navidad Rivers. Based upon historical gaged streamflow records
and mathematical analyses, freshwater inflows for marsh inundation needed to
sustain historical inundation magnitude and frequency are estimated at 70.0
thousand acre-feet (86 million rng) in each of the months April and May, and
60.0 thousand acre-feet (74 million m3) in October. These volumes cor—
respond to flood events with peak flow rates of 11,320 ft3/sec (321
m3/sec) and 10,370 ft3/sec (294 m3/sec), respectively. :

Evaluation of Estuarine Alternatives

Estimates of the freshwater inflow needs for the Lavaca-Tres Palacios
estuary are computed by representing the interactions among freshwater
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inflows, estuarine salinity and fisheries harvests within an Estuarine Linear
Programming Model. The model computes the monthly freshwater inflows from the
Colorado and Lavaca River Basins which best achieve a specified objective.

The monthly freshwater inflow needs for the Lavaca-Tres Palacios estuary
were estimated for each of three selected alternatives.

Alternative I ({Subsistence): minimization of annual oombined inflow
while meeting salinity bounds and marsh inundation needs;

Alternative II (Maintenance of Fisheries Harvests): minimization of
annual combined inflow while providing annual commercial harvests of
red drum, seatrout, all shrimp, blue crab, and bay oysters at levels
no less than their mean 1962 through 1976 historical values, satis-—
fying marsh inundation needs, and meeting metabolic bounds for
salinity; and

Alternative III (Shellfish Harvest Enhancement): maximization of the
total annual commercial estuarine harvest of shellfish (represented
by the sum of all shrimp, blue crab, and bay oyster harvests) while
meeting bounds for salinity, satisfying marsh inundation needs,
providing commercial harvests of bay oysters at no less than mean
1962 through 1976 historical values and utilizing an annual combined
inflow no greater than the average 1941 through 1976 historical
combined inflow.

Under Alternative I (Subsistence), the Lavaca-Tres Palacios system, which
has functioned as both a commercial shellfish and finfish producing system in
the past, could continue to be an important fisheries producing .estuary with
substantially less freshwater inflow, with slightly reduced estimated har-
vests. Freshwater inflows totalling 2.1 million acre-feet (2.6 billion m3)
annually are predicted to satisfy the basic salinity gradient and marsh inun-—
dation needs, but would result in slight decreases in commercial finfish and
shellfish harvests of five percent from average values for the period 1962
through 1976 (Figure 1-1).

Under Alternative IX (Maintenance of Fisheries Harvests), the predicted
annual commercial harvests of red drum, spotted seatrout, all shrimp, blue
crab and bay oysters are required to be at least as great as historical
average levels. To satisfy these criteria, it is estimated that an annual
freshwater inflow of about 2.8 million acre-feet (3.5 billion m3) is needed
{Figure 1-1)}.

Under Alternative III (Shellfish Harvest Enhancement), the Lavaca-Tres
Palacios estuary annually needs an estimated 2.81 million acre—feet (3.5
billion m3)l/ r distributed in a seasonally unique manner (Figure 1-1),
This is necessary to achieve the objective of maximizing the total annual
predicted commercial harvest of shrimp, blue crab and bay oysters, with the
condition that the predicted ocommercial harvest of bay oysters is at least as
great as the 1962 through 1976 historical average. Alternative III is
achieved with a 22 percent increase in shellfish harvest, at an estimated loss
of five percent in total commercial finfish harvest.

1/ Freshwater inflow supplied to the estuary under Alternative III was not
allowed to exceed the historical "combined inflow" (1941 through.1976) as
defined in Chapter IV.
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The monthly distribution of the inflows for each of the Alternatives and
the average historical monthly inflows for the period 1941 through 1976 are
given in Figure 1-2.

Estuarine Circulation and Salinity Patterns

The numerical tidal hydrodynamic and salinity mass transport models were
applied to the Lavaca-Tres Palacios estuary to determine the effects of the
estimated freshwater inflow needs for Alternative I 1/ 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 internal circulation currents dominate the water movements of
the Lavaca-Tres Palacios estuary. Depending upon the month simulated, the net
circulation in Matagorda Bay reveals up to three individual currents, each
moving in a circular pattern within the boundaries of the bay. Water in
Matagorda Bay is readily mixed among these circulation currents; however,
relatively little net flow of water, except during high freshwater inflow
periods, takes place among Matagorda, Lavaca, and Carancahua Bays.

The simulated salinities in the Lavaca-Tres Palacios estuary for .the
estimated monthly freshwater inflow needs vary over a wide range. Salinities
throughout the estuary are lowest in the month of June, with average simulated
salinities of less than 20 parts per thousand (ppt) over the entire estuary.
The highest levels of simulated salinities occur during the month of August,
when salinities in Matagorda Bay near Pass Cavallo exceed 30 ppt. The
simulated salinities for Lavaca Bay are generally less than 15 ppt throughout
the year. The major portion of Matagorda Bay has simulated salinities of
between 20 and 25 ppt; however, during the high freshwater inflow months of
May and June, the salinities in the bay are between 10 and 20 ppt.

Since the middle portion of Matagorda Bay has simulated salinities in all
months below a target maximum allowable concentration of 25 ppt, the fresh-
water inflow needs established by the Estuarine Linear Programming Model would
be adequate to sustain the salinity gradients specified, within the object-—
ives, 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 fisheries harvest levels, marsh inundation, and salinity
regimes. The Alternatives considered cover a range of potential management
policies.

A high level of variability of freshwater inflow occurs annually in Texas
estuaries. Fluctuations in inflows are expected to continue for any average
level of inflow into the estuary which may be specified. Some provision
should be made, however, in any estuarine management program to prevent an
increase (over historical levels) in the fregquency of low inflows detrimental
to the resident aguatic organisms.

1/ The alternative having the lowest inflow level and thus the alternative
that would impinge most heavily upon salinity levels.
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CHAPTER II

t

CONCEPTS AND METHODS FOR DETERMINING THE INFLUENCE
OF FRESHWATER INFLOWS UPON ESTUARINE ECOSYSTEMS

Scope of Study

Senate Bill 137 (64th Texas Legislature) mandates a oomprehensive study
of environmental variables, especially freshwater inflow, which affect Texas
estuarine ecosystems. This report presents the results of the studies of the
Lavaca~Tres Palacios 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. 1In
some cases, these needs may be exceeded in importance by the basic avail-
ability of substrate and/or habitat in the ecosystem.

Fundamental to these discussions is the cooncept of seasonal dynamics;
that is, the environmental needs of an estuarine ecosystem are mnot static
annual needs. 1In fact, dynamic equilibrium about the productive range is both
realistic and desirable for an estuarine environment. Extended periods of
inflow conditions which consistently fall below maintenance levels can, how-—
ever, lead to a degraded estuarine environment, loss of important "nursery”
functions for estuarine-dependent fish and shellfish resources, and a
reduction in the potential for assimilation of organic and nutritive wastes.,
During past droughts, Texas estuaries severely declined in their production of
economi.cally important fishery resources and began to take on characteristics
of marine lagoons, including the presence of starfish and sea urchin popula-
tions (168). 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 Lavaca-Tres Palacios
estuary.

Estuarine Environment

Introduction

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

Physical and Chemical Characteristics

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

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

Texas has about 373 miles (600 kilometers) of open—ocean or Gulf shore-
line and 1,419 miles (2,290 kilometers) of bay shoreline, along which are
located seven major estuarine systems and three smaller estuaries (Figure
2-1). Eleven major river basins, ten with headwaters originating within the
boundaries of the state, have estuaries of major or secondary importance.
These estuarine systems have a total open-water surface area of more than 1.5
million acres (607,000 hectares) and include many shallow bays behind the
‘barrier islands (325). Physical characteristics of the Lavaca-Tres Palacios
estuary are described in Chapter III.

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

The measurement of each of these sources of freshwater inflow is neces-
sary to develop analytical relationships between freshwater inflow and result-
ing changes in the estuarine 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 models, soil
moisture data, and runoff coefficients developed from field surveys. Direct
orecipitation on an estuary is assumed to be a distance-weighted average of
the daily precipitation recorded at weather stations in the ooastal regions
adjacent to each bay. '

The hydrolegy of the Lavaca~Tres Palacios estuary is described in Chapter
1v.

Water Quality. The factors which affect the water quality of aquatic eco-
systems and their importance to the various biological components include
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nutrients, such as nitrogen and phosphorus; the basic cellular building block,
carbon; trace elements necessary for biological growth; the presence of
sufficient concentrations of dissolved oxygen for vrespirztion of aerobic
organisms; and the occurrence of toxic chemicals that may inhibit growth and
productivity {Figure 2-2)., The presence of pollutants can have significant
impacts upon estuarine water quality. Economic and business development
activities may result in changes to the physical and chemical quality of the
runoff. Waste loads which enter the aguatic 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 upon 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
prorinent are bacteria, phytoplankton (algae)}, vascular plants (macrophytes},
zooplankton, shellfish, and finfish.

Salinity, temperature, and catastrophic events (e.g., hurricanes) are
factors that largely ocontrol and influence species composition in these eco—
systems. While the number of species generally remains low, numbers of
organisms within a sgpecies fluctuate with the seasons and with hydrologic
cycles (177, 63, 175). The fluctuating conditions provide for a ocontinuing
shift in dominant organisms, thereby preventing a specific species from main-
taining a persistent dominance.

Natural stresses encountered in an estuarine ecosystem are due, in part,
to the fact that these areas represent a transition zone between freshwater
rand marine environments. Biological community composition 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 Lavaca-Tres Palacios estuary are described in
detail in Chapters VII and VIII.

Food Chain. To evaluate the effects of freshwater inflow on an estuary, it is
necessary to oconsider the significant interactions among dominant organisms
for each of the estuary's trophic (production) levels. & complicated food web
consisting of several food chains exists among the trophic levels of an
estuarine ecosystem, with water the primary medium of life support (37, 137,
40, 94, 158, 205). The aquatic ecosystem can be conceptualized as comprising
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 (COp), nitrate (NO3), ammonia (NH3),
phosphate (PO4}, 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, omnivores, 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 fungi.

The trophic relationships occurring in an estuarine system typical of those
along the Texas Gulf Coast are large in number and complex 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 trophic levels of the
system., Exact quantitative relationships among the estuarine organisms and
the aquatic environment are extremely complex 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 (182). These migrations occur in seasonal cycles and most
are involved with spawning (reproduction). TLarval and postlarval organisms
may migrate into the estuary because of food and physiological requirements
for lowered salinity (114, 384), and/or for protection against predators and
parasites (119, 166). Juvenile forms use the shallow "nursery" areas during
early growth (76), migrating back to the Gulf of Mexico in their adult or
subadult life stage.

For high ecosystem productivity to occur, the timing of freshwater
inflow, inundation (irrigation) of marshes, and nutrient stimulation (fertili-~
zation) 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 ovastal environ-
ments., These species have adapted their life cycles to the natural schedule
of seasonal events in the ecosystem and also to reduce competition and
predation. Coincidence of seasonal events, such as spring rains, inundation
of marshes and increased nutrient cycling is made more complex by both ante-
cedent events and ambient conditions. For example, winter inundation and
nutrient stimulation of marshes may not be as beneficial to the estuarine
system as similar events in the spring because low winter temperatures do ot
support high bioclogical activity. Consequently, the growth and survival of
many economically important seafood species will be limited if antecedent
events and ambient conditions are unfavorable and far from the seasonal
optimum, Further, the entire ecosystem can lose productivity through disrup-
tion of energy flow and become altered by slight, but chronic stresses (397}.

Virtually all (97.5%) of the Gulf fisheries species are considered
estuarine—dependent (77); however, the seasonal aspects of their life cycles
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are quite different. Some species, such as the redfish, spawn in the fall and
the yourg are particularly dependent on migration to and utilization of the
"nursery" habitats during this season. Others, such as the penaeid shrimp,
Spawn primarily in the spring and early summer, and their young move inshore
to shallow, low salinity estuarine areas for growth and development at this
time. Not all estuarine-dependent species are migratory between the marine
and estuarine environments; however, there are few true year-round residents
(e.g., bay oysters) capable of completing their life cycle totally within the
estuary (153).

Habitat. The marsh wetlands adjacent to each Texas estuary are among the most
important areas of the estuarine ecosystems. They may be characterized as
tracts of soft, wet land located adjacent .to or near the bay margins and along
the channels of inflowing drainages, such as a river mouth with its associated
delta. Depending upon the specific location, estuarine marsh 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 pounds dry weight per .year (or 45,500 metric
tons/yr) each, with production exceeding 15,000 dry weight lbs/acre/year (or
1,680 g/m /yr) in the most productive areas (49). Throughout the world,
only tropical rain forests, cooral reefs, and some algal beds produce moxre
abundantly per unit of area (158, 290). :

Marsh production has been shown to be a major source of organic material
supporting the estuarine food web in coastal areas from New England and the
South Atlantic, to the Gulf of Mexico (32, 94, 136). Because of high plant
productivities an estuarine marsh can assimilate, if necessary, substantial
volumes of nutrient-rich municipal and industrial wastes (380, 381) and incor-
porate 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 provide food and cover for a variety of water fowl and
mammals. Delta marshes may serve other beneficial functions acting as a
temporary floodwater storage area and/or aiding in erosion control by
absorbing potentially destructive wave energy.

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

SLBT!TI&]_:X

Texas has seven major estuarine systems and several smaller estuaries
that are located along approximately 373 miles (600 km) of coastline. These
estuarine systems have a total open-water surface area of more than 1.5
million acres (607,000 ha), including many large shallow bays behind barrier
islands. Hundreds of thousands of acres of adjacent marshes and bayous
provide "nursery" habitats for juvenile forms of marine species and produce
nutrients for the estuarine systems.
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The ecosystems which have developed within these estuaries are in large
part dependent upon the amount, as well as, the seasonal and spatial distribu-
tion of freshwater inflow and asscociated 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 enviromments and coontribute to
estuarine production of fish and shellfish.

The health of estuarine aquatic organisms is largely dependent upon water
quality. Pollutants and toxic materials induce physiological stresses that
can inhibit reproduction and growth, and may have long~lasting effects on the
estuary.

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

Many species inhabiting Texas estuaries are not permanent residents.
Juveniles enter the estuary in larval or postlarval forms and remain during
early growth, Finfish and shellfish species, in particular, have migratory
life cycles, with the adults spawning in the Gulf of Mexico and 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 while providing nursery habitats for the
estuarine~dependent species.

Evaluation of Individual Estuarine Systems

Introduction

In order to better understand the basic relationships among the numerous
physical, chemical and bioclogical 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 inflow on
nutrient exchange, habitat maintenance, and production of 1living organisms.,
Technical methods developed and used in these studies are described in this
report, These methods were developed to quantitatively express (1) the inun-
dation/dewatering process of river delta marshes, (2) the biogeochemical
cycling and exchange of nutrients, (3} the estuarine salinity gradient, and
(4) the production of fisheries. Mathematical models have been developed for
high-speed computers using data oollected from each estuarine system. These
computer techniques allow the analyst to rapidly simulate: (1) the hydro—
dynamics of river deltas, (2) the tidal hydrodynamics of the bay systems, and
(3) the transport of conservative constituents (salinity) within the
estuaries. These mathematical simulation technigques have quantified, insofar
as possible at this time, the relationships among physical, chemical, and
biclogical parameters that govern the productivity within these systems.
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Mathematical Modeling

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

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

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

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

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

The mathematical models used to evaluate the hydrology and salinity of
the Lavaca~Tres Palacios estuary are described in detail in Chapter V.

Rey Indicators of Estuarine Conditions

The large number of complex interactions of physical, chemical, and
biological parameters make it difficult to ocompletely define the inter-
relationships of an estuarine ecosystem. Major environmental factors and
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identifiable biological populations can be used, however, as "key indicators"
to understand and demonstrate the response of higher food chain organisms,
such as shellfish and finfish, to major changes in the ecosystem (199, 158).
Physical and chemical constituents of prime importance to 'the estuarine
ecosystem include freshwater inflows, circulation and salinity vatterns, 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. Freshwater is one
of the most important environmental parameters influencing estuarine systems.
Freshwater inflows serve the following major functions:

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

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

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

(2) Critical Period. An understanding of the concept of “critical
period" 1is necessary in order to understand the importance of freshwater
inflow to Texas estuarine systems (93, 140). There are hasically two types of
critical periods that must be considered—long term and seasonal. The first,
or more general type, is that resulting from extended years of drought with
extreme low freshwater inflow, creating stressful or lethal conditions in the
estuary. A second type of critical period occurs on a seasonal basis, whereby
lowered freshwater inflow affects the growth and maturation of delta marsh
habitats, the utilization of "nursery" areas by Jjuvenile 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-gspecific or
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species—specific seasonal needs. Where seasonal needs conflict between
estuarine—dependent species and limited freshwater is available for
distribution to an estuary, a resource management decision may need to be made
to give preference to selected species. This decision oould be made on the
basis of historical dominance of the system by one or more species, that is,
whether the estuarine system has historically been a finfish or a shellfish
producing area.

The physical characteristics of each estuarine system are a reflection of
long-term adaptations to differing salinity, nutrient, and sedimentary
balances. . Among such distinctive characteristics are bay size, number and
size of oontributing marshes, extent of submerged seagrass communities,
species diversity, and species dominance. The timing of freshwater inflows
can be extremely important, since adequate inflow during critical periods can
be of greater benefit to ecological maintenance than abundant inflow during
noncritical pericds.,

(3) Circulation. The movement of waters within an estuary largely
determines the distribution of biotic and abiotic constituents in the system.
To study the movement of estuarine waters under varying conditions, tidal
hydrodynamic mathematical models have been developed and applied to individual
Texas estuaries {146). ., 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. The model
may be used to study changes in erosion and sedimentation patterns produced by
shoreline development and to evaluate the dispersion characteristics of waste
outfalls. The primary output from the tidal hydrodynamic model is a time-
history of water elevations and velocity patterns throughout the estuary.
Output data are stored on magnetic tape Ffor later use. ‘

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

(4) Salinity. A knowledge of the distribution of salinities over time
at points throughout the estuary is vital to the understanding of environ-
mental conditions within the system. To better assess the variations in
salinities, a salinity transport mathematical model has been developed (146,
147) to simulate the salinity changes in response to dispersion, molecular
diffusion and tidal hydrodynamics. This model is a ocompanion model to the
hydrodynamic model described previously.

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

In this study, relationships between inflow and salinity were established
using the statistical technique of regression analysis. Regression analysis
is a method of estimating the functional relationship among variables. The
relative accuracy of such a predictive model, commonly measured in terms of
the correlation ooefficient, is dependent upon the correlation of salinities
to inflow volumes. The statistical relationship between salinity and inflow
can generally be represented as an reciprocal function (Figure 2-6). This
functional form also plots as a straight line on log-log graph paper.

The statistical regression models differ from the salinity transport
model in that the transport model analyzes the entire estuary to a resolution
of one nautical mile square, while each statistical model represents the
salinity at only a single point in the estuary. These models compliment each
other, however, since a statistical model is oonsidered more accurate near a
river's mouth and the salinity transport model provides better predlcted
salinities at points in the open bay.

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

(5) Nutrients. The productivity of an estuarine system depends upon
the quantity of necessary nutrients such as carbon, nitrogen and phosphorus.
Thus, the transportation and utilization of these nutrients in the system is
of major importance. The most significant sources of nutrients for Gulf
estuaries are the tidal marshes and river deltas (32, 136). 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. TInorganic materials and organic detritus transported and
deposited in salt marshes by river floods are assimilated in the marshes
through biological action and converted to organic tissue. This conversion is
accomplished by the primary producers (phytoplankton and macrophytes) of the
marsh ecosystem. The primary producers and organic materials produced in the
marsh are then transported to the bay system by the inundation and subsequent
dewatering process. This process is oontrolled by the tidal and river flood
stages.

To properly evaluate the transport processes through a deltaic river
marsh it is necessary to estimate the complex tidal and freshwater inflow
interactions. A mathematical model (set of equations) based upon the appro—
priate physical laws was developed for determining flows and water depths in a
river delta (44). This model applies in cases of both low-flow and flood
conditions. The effects of freshwater inflow 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
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species are chosen on the basis of their wide distribution throughout the
system of interest {e.g., an estuary), a sensitivity to change in the system
{or to a single variable, like freshwater inflow), and a short enough life
cycle to permit observation of changes in organism densities and productivity
in association with observations of environmental change.

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

In the 1975 American Fisheries Society Water Quality Statement, Dr. H. E.
Johnson stated that "fisheries provide a useful indicator of the quality and
productivity of natural waters. Continuous high yield of fish and shellfish
is an indicator of environmental conditions that are favorable for the entire
biological community. 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 oould be monitored and
integrated inté a research program, the maximum data base would be achieved;
however, there are always timée and financial limitations that make this
impossible. It is believed that the use of indicator or key gpecies that
emphasize the fishery species is reasonable and justified, especially when one
considers the type of ecosystem and the availability of time and money which
limit the number of environmental variables that may be investigated in depth.
Use of several diverse species avoids problems most commonly associated with a
single chosen indicator, wherein data may be dependent upon the particular
species' sensitivity. The "key" species approach is used in these studies of
the Texas bays and estuaries.

(1) Aquatic Ecosystem Model. Attempts to understand the complex inter-
actions within Texas estuarine ecosystems have lead to the development of
a sophisticated estuarine ecologic model, ESTECO (230). The model was formu-
lated to provide a systematic means of predicting the response of estuarine
biotic and abiotic constituents to environmental changes. FEcological modeling
techniques involve the use of mathematical relationships, based on scientific
evidence, to predict changes in estuarine oconstituents.

While the principal focus of the ESTECO model is to simulate those quan-
tities that are considered to be the most sensitive indicators of the primary
productivity of an estuarine environment (i.e., salinity, dissolved oxygen,
nutrients, and algae), the higher trophic levels are also taken into account.
The trophic categories included in the model are phytoplankton, zooplankton,
benthos, and fish. Since the life cycles of algae and the higher forms of
biota that depend on them, as well as the life cycles of bacteria and other
decomposers, are intimately related to water quality, a complex set of physi-
cal, chemical and biological relationships have been included in the ESTECO
model which 1ink the various abiotic constituents to several forms of
estuarine biota.
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While the estuarine ecologic model provides a valuable oonceptual tool
for understanding estuarine ecosystems, the validity of the current version of
ESTECO in predicting long-term estuarine oonstituents 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
system. Also, the comprehensive data are not vyet available to accurately
calibrate the estuarine ecologic model for simulation periods in excess of one
year. Further refinement of the model is anticipated as these data become
available,

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

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

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

{3) Finfish Metabolic Stress Analysis. The health of ‘organisms in an
estuarine ecosystem 1s dependent upon a number of factors. Wohlschlag (271,
272) and Wakeman (388) have reported on the stress of salinity changes upon
the metabolic activities of several Texas estuarine fish species. Wakeman
(388) measured the maximum sustained swimming speeds of four estuarine fish
species (i.e., spotted seatrout, sheepshead, and black and red drum} at 28
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degrees celsius over a range of salinities (10-40 parts per thousand, ppt)
normally encountered in the estuary. All of these species are of commercial
and recreational importance; therefore, results of these metabolic research
studies are valuable in the planning and management of the Texas estuarine
systems and their production of renewable fish resources. Salinity ranges and
salinity optima have also been determined for several other estuarine-
dependent fish and shellfish species (including shrimp, crabs, and oysters),
and are presented in Chapter IX.

Analyzing the Estuarine Complex

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

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

Techniques for the synthesis of inflow alternatives are discussed in
Chapter IX.

Determination of Freshwater Inflow Needs. (1) Estuarine Inflow Model. 1In
order to establish an estimate of the freshwater inflow needs for an estuary,
mathematical techniques are applied to integrate the large mumber of relation-
ships and constraints, such that all of the information can be used in oon-
sideration of competing factors. The relationships and constraints in this
formulation consist of:

) 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 computing the
salinity regression relationships, and

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

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

The constraints listed above are incorporated into a special linear
programming (LP) model, to determine the monthly freshwater inflows needed to
meet specified marsh inundation, salinity, and fisheries objectives. The
optimization procedure used to assess alternative objectives is formulated in
a computer ocode based upon the simplex algorithm (35) for the solution of
linear programs. A linear program may be used to reach an optimum solution to
a problem where a desired linear objective is maximized (or minimized) subject
to satisfying a set of linear constraints.

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

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

(2) Model Interactions. The estuarine linear programming model incor—
porates the salinity, metabolic stress, and coommercial 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 oonstraint
in the model by taking the largest of the minimum required values for the two
purposes. Thus, if the flow in March required for inundation is greater than
the flow needed for salinity gradient control and fish harvest (production),
then the March inflow need only be equal to the inundation requirement. A
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
Lavaca-Tres Palacios estuary is discussed in Chapter IX.

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

(1) Freshwater Inflow Management. The freshwater runoff from the
requlated 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 oon~
sistent with the freshwater inflow needs of the estuary.

Water Rights Allocation. Adjudication of surface—water rights in Texas
1s an extremely important factor in addressing the issue of allocation,
and ultimately, the possible appropriation of State water specifically
for estuarine maintenance.

In 1967, the Texas Legislature enacted the Water Rights Adjudication Act,
Section 11.301 et seq. of the Texas Water Code. The declared purpose of
the Act was to require a recordation with the Texas Water Commission of
claims of water rights which were unrecorded, to limit the exercise of
those claims to actual use, and provide for the adjudication and adminis-
tration of water rights. Pursuant to the Act, all persons wishing to he
recognized who were claiming water other than under permits or certified
filings were required to file a claim with the Commission by September 1,
1969, Such a claim is to be recognized only if valid under existing law
and only to the extent of the maximum actual application of water for
beneficial use without waste during any calendar year from 1963 to 1967,
inclusive. Riparian users were allowed to file an additional claim on or
before July 1, 1971 to establish a right based on use from 1969 to 1970,
inclusive.

The adjudication process is highly complex, and in many river basins,
extremely lengthy. The procedures were designed to assure each claimant,
as well as each person affected by a final determination of adjudication,
all of the due process and constitutional protection to which each is
entitled. Statewide adjudication is currently approximately 69 percent
complete. Although the adjudication program 1is being accelerated,
several years will be required to complete the remaining unadjudicated
basins. Final judgments have been rendered by the appropriate District
Courts and certificates of adjudication have been issued in portions of
the Rio Grande, Colorado, San Antonio and Guadalupe Basins.

Recognition of ‘the freshwater needs of the estuaries, allocation and
possible direct appropriation of State water to-meet these needs, and
equitable adjudication of water rights and claims are intertwined——a fact
which must be recognized by all involved in identifying coastal issues
and resolving ooastal problems.
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Operations of Upstream Reservoirs in Contributing Basins. The control of
surface waters through impoundment and release from large storage
reservoirs is a potential source of supplementary waters for the Texas
estuaries. The Texas Water Plan specified the delivery of up to 2.5
million acre-feet (3.1 billion m3) of supplemental water annually to
Galveston, Matagorda, San Antonio, Aransas, and Corpus Christl Bays
through controlled releases from the coastal component of the proposed
Texas Water System. Conceptually, the Texas Water System would conserve
and control water from basins of surplus, and transport them, together
with water from other intrastate, interstate, and potential out-of-State
sources, to areas of need throughout Texas. This volume of supplemental
water would probably not be required every year; however, during periods
of extended drought it would be available to supplement reservoir spills,
reservoir releases not diverted for use, properly treated and managed
return flows, unregulated runnff of major rivers below reservoirs and
runoff from adjacent ooastal areas, and precipitation that falls directly
on the bays and estuaries.

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

Attention must be given to the possibilities of providing storage capa-~
city in existing and future reservoir projects specifically for alloca-
tion to estuarine inflows, with releases timed to provide the most bene-
fit to the estuary. Development of institutional arrangements whereby
repayment criteria for such allocated storage are determined and asso-
ciated oosts repaid will be needed. Potential transbasin diversions to
convey "surplus" freshwater from "water-rich" hydrologic systems to
water—deficient estuaries will also have to be studied and costs will
have to be computed. Additionally, structural measures and channel
modifications which might enhance marsh inundation processes using less
freshwater will have to be evaluated. These are all a part of planning
to meet the future water needs of Texas.

(2) Elimination of Water Pollutants. The presence of toxic pollutants
in freshwater inflows can have a detrimental effect upon productivity of an
estuarine ecosystem by suppressing biological activity. Historically,
pollutants have been discharged into rivers and streams and have ntaminated
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 compounds deposited in sediments
become resuspended in the water oolumn by dredging activities and when severe
storms cause abnormally strong currents. This report does not include a
comprehensive assessment of water pollution problems in the Lavaca~Tres
Palacios estuary, but other ongoing studies by the Department of Water
Resources do address such problems.
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(3) Land Management. The uses of watershed areas are of particular
importance to the contribution of nutrient materials from the land areas
surrounding Texas estuaries. In coastal areas, significant contributions of
nutrients are provided to the estuary by direct runoff. Removal of marsh
grasses in ooastal areas through overgrazing by livestock and through drainage
improvement practices can result in substantial reductions in the volume of
nutrients contributed to an estuary. This report does not oonsider land
management techniques in detail, although land management is an alternative
technique in any ooastal zone management plan.

Smnmagg

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

Simplifying assumptions must be made in order to estimate freshwater
inflow requirements necessary to sustain Texas estuarine ecosystems. A basic
premise developed in this report is that freshwater inflow and estuarine
productivity can be examined through analysis of certain "key indicators.”
The key physical and chemical indicators include freshwater inflows, circula-
tion and salinity patterns, and nutrients. Biological indicators of estuarine
product1v1ty include selected commercially important species, Indicator
species are generally chosen on the basis of their wide distribution through-
out each estuarine system, a sensitivity to change in the system, and an
appropriate life cycle to facilitate association of the organism with the
estuarine factors, particularly seasonal freshwater inflow.

An estuarine inflow model is used in these studies to estimate the
monthly freshwater inflows necessary to meet three specified fish harvest
(production) 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 preference to one or nmore species'
needs. aAdditiocnally, society's economic, social, and other environmental
needs for freshwater in the contributing river basins must be balanced with
the freshwater needs of the estuary.
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CHAPTER IIT

DESCRIPTION OF THE ESTUARY AND THE SURROUNDING AREA

Physical Characteristics

Introduction

The Lavaca-Tres Palacios estuary covers about 352 square miles (910
square kilometers) and includes Matagorda Bay, Lavaca Bay, Cox Bay, Keller
Bay, Carancahua Bay, Tres Palacios Bay, and several smaller bays (Figure 3-1).
Water depth at mean low water varies from six feet (1.8 meters) in the Colo-
rado River Channel to 13 feet (4.0 meters) or less in Matagorda Bay, except in
parts of the Matagorda Ship Channel, where the depth is 36 feet (11.0
meters}.,

This study area lies in the Upper Coast climatological division of Texas
in the warm temperate zone., Its climatic type is classified as subtropical
{humid and warm summers). The climate is also predominantly marine because of
the proximity of the Gulf of Mexico. Prevailing winds are southeasterly to
south-southeasterly throughout the year. Day-to~day weather during the summer
offers little variation except for the occasional occurrence of thunderstorms.
The sea breeze allows warmer daytime temperatures during winter and prevents
the summer daytime temperatures from becoming as high as those observed
further inland. Winters are mild and the moderakte polar air masses which push
rapidly southward out into the Gulf bring cocl, cloudy, and rainy weather for
brief periods.

Some of the heavier rainfall occurrences during late summer and early
fall are associated with tropical disturbances which move in with the easterly
waves., Snow is a rare occurrence.

The annual net lake surface evaporation rate in the area is about 20

inches (50.8 cm). Seasonal variation in relative humidity is small as a
result of the influence of the Gulf and the Adirection of the prevailing wind.

Influence of Contributory Basins

Drainage areas within the State of Texas contributing totally or in part
to the Lavaca-Tres Palacios estuary include approximately 44,040 square miles
(114,600 k:mz), divided among the Colorado River BRBasin, the Lavaca River
Basin, the Colorado-Lavaca Coastal Basin, and the Lavaca-Guadalupe Coastal
Basin (Figure 3-2). This vast area includes various climatic zones with a
wide variation in precipitation and evaporation across the region, east and
west.

The Colorado River Basin includes approximately 41,800 square miles
{108,800 k:mz) in Texas and New Mexico, of which only 1,900 square miles
(4,940 km?) are in New Mexico. Approximately 12,880 square miles (343,514
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km?) of the western portion of the basin are probably noncontributory.
Average annual runoff 1n the basin ranges Ffrom a maximum of about 350
ac-ft/sq., mi. (1,670 m /ha) near the mouth of the Colorado River to less
than 50 ac-ft/sq. mi. (240 m /ha) in the contributing area of the basin west
of San Angelo. Major Colorado- River tributaries include the Concho River,
Pecan Bayou, the San Saba Rlve. :-.;«;the Llano River, and the Pedemnales River. A
portion of the flow of the Co rado River enters the Lavaca-Trzs Palacios
estuary through Tiger Island Ci and the Intracoastal Waterway (Figure 3-2).

ya- .

There are 24 major reservoirs either existing or under construction in
the Colorado River Basin (Figu'ré ‘3-3). Almost all of these impoundments are
used for water supply and recreation; a few also provide for hydroelectric
power generation and/or flood omontrol (Table 3-1).

The Lavaca River Basin is made up of approximately 2,310 square miles
(6,010 kmz) in the Gulf Coastal Plains. Average annual mnoff in the basin
varies from about 235 ac—ft/sq. mi. (1,119 m3/ha) in the western portion to
335 ac~ft/sq. mi. (1,596 m3/ha) in the east. A major tributary to the
Lavaca River is the Navidad River, Lake Texana, which is presently under
construction on the Wavidad River, is the only major reservoir in the Lavaca
River Basin.

The Lavaca—Guadalupe Coastal Basin drains approximately 1,000 square
miles (2,600 km2 }, with about 890 square miles (2,320 km2) oontrlbutlng to
Lavaca Bay. Average annual runoff in the basin is approximately 200 ac-ft/sq.
mi. (953 m /ha}. Major streams of this ooastal basin include Garcitas
Creek, Coleto Creek and Chocolate Bayou.

" The Colorado~Lavaca x.oastal Basin has a drainage area of approxlmately
940 square miles (2,450 km) The average annual runoff in the basin is
estimated to be about 300 ac—ft/sq. mi. (1,429 m3/ha). All of this coastal
basin drains into Lavaca-Tres Palacios estuary. Major streams in the basin
include Cox Creek, Kellers Creek, Carancahua Creek and Tres Palacios Creek.

Geological Resources

Sedimentation and Erosion. The Navidad River carries an eqtlmated average
annual sediment volume of 1.04 acre-foot per square mile (4.95 m /ha) of
drainage area as it enters the Fayette Prairie physiographic province. Much
of the sediment load is deposited in the floodplains of this area due to the
decreasad gradient of the stream. By the time the Navidad River reaches its
confluence with the Lavaca River, the average annual sediment production rate
decreases to an estimated 0.24 acre-foot per square mile (1.1 m3,/ha). These
figures have bheen developed by the U. S. Soil Conservation Service (220) and
include hoth bedload and suspended-sediment loard.

The mainland shore is characterized by near vertical bluffs cut into
Pleistocene fluvial and deltaic sand, silt, and mud (Fiqure 3-4). FRrosion of
these bluffs furnish sediment to the adjacent lakes, marshes, and hays. The
type of sediment deposited on the delta plain depends on whether the adjacent
bluff is composed of predominantly sand or mad. Pleistocene overbank and bay
muds have a high shrink-swell ratio causing desiccation cracks to form. Aided
by the desiccation cracks, breaking waves. cut into the base of these slopes.
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Table 3-1.

Reservoirs of Contributing Basing, Lavaca-Tres Palacios Estuary

: Year Dam

Reservoir : Type of Surface
Name " Use(s) a/ : Completed :
: H Acres
Lavaca River Basin
Lake Texana d/ W.5.,R - 11,600
Colorado River Basin
Lake J, B. Thomas W.S5.,R 1952 7,820
Lake Colorado

City W.S5.,R 1949 1,612
Champicn Creek

Raservoir W.5.,R 1959 1,560
E. V. Spence

Reservoir W.5.,R 1969 14,950
Oak Creek

Reservoir W.5.,R 1952 2,375
0. €. Fisher W.5.,R,

Reservolr F.C. 1951 5,440
Twin Buttes W.5.,R,

Reservoir F.C. 1963 9,080
Lake Nasworthy W.5_.,R 1930 1,596
Lake Clyde W.5.,R 1970 449
Hords Creek W.S.,R,

Reservoir F.C. 1948 510
Lake Coleman W.5.,R 1966 2,000
Brownwood

Reservoir W.S.,R 1933 7,300
Brady Creek

Reservoir W.5.,R 1963 2,020
Lake Buchanan W.5.,R.,

H.E. 1938 23,060
Inks Lake W.5.,R,

H.E. 1938 803
Lake LBJ W.5.,R,

H.E. 1951 6,375
Marble Falls W.S.,R,

Lake H.E. 1951 780
Lake Travis W.S5.,R,

H.E.,F.C. 1942 18,930
Lake Austin W.5.,R,
H.E. 1939 1,830
Lake Walter E,

Long e/ W.5.,R 1967 1,269
Lake Bastrop e/ W.5.,R 1964 a6
Cedar Creek

Reservoir 5/ W.5.,R 1978 2,434
Eagle Lake e Ir. 1900 1,200
South Texas

Project e/ W.5.,R 1979 7,000

Lavaca-Guadalupe
Coastal Basin
None

Colorado~Lavaca

Coastal Basin

None

Conservation

Conservaticon :
Area b/ : Pool Elevation :Pool Storage c/:

: £t {mgl}

44.0 192.0
2,258.0 203.6
2,070.2 31.8
2,083.0 42.5
1,898.0 488.8
2,000.0 39.4
1,908.0 119.2
1,940.2 186.2

,872.2 12.4
1,872.0 5.7
1,900.0 3.6
1,717.5 40,9
1,424.6 143.4
1,743.0 30.4
1,020.5 992.0

888.5 17.5
825.0 138.5
738.0 8.8
661.1 1,172.6
492.8 21,0
555.0 33.9
450.0 16.6
1390.0 7.4
170.0 9.
49,90 187.0

Storage

: thousard ac-Et: thousand ac—ft:

Flocd Control: Total Storage

thousarnd ac—-ft

277.2

454.4

781.4

192.0

203.6

31.8

143.4
30.4

992.0

138.5
8.8
1,954.0

21.0

EY

W.5. — water supply (May include municipal, manufacturing, irrigation, steam electric power and/or mining uses)

R. - Recreation
H.E. - Hydro-electric power generation

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

At conservation pool elevation

Tntlirles sediment storage
Under construction . . )
Off channel reservoirs depending upon diversions from adjacent streams and/or reservoir releases for firm supply
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The process effectively removes slope support and the cliff fails by slumping.
Energy levels {erosional capacity) in the Lavaca-Tres Palacios estuary are
dominated by wind action, since the range of astronomical tides is only about
0.5 foot (0.15 m). Winds blowing across the bay generate waves (or wind
tides) and cause a change in water level at the shoreline.

Where the Lavaca River enters Lavaca Bay, flow velocities decrease and
the transport capability is reduced; thus, sediment is deposited near the
headwaters, forming a bay-head delta. Due to the type of minerals comprising
the transported sediment and the chemical character of Lavaca Bay, clay size
particles entering the bay flocculate and settle to the bottom. The active
delta forming at the mouth of the Lavaca River is classified as a high
constructive elongate type delta exhibiting typical distributary mouth bars
(254). These deltas develop under conditions of high sediment inflow into a
relatively quiescent body of water (i.e., Lavaca Bay).

The marsh areas in the Lavaca-Tres Palacios estuary system are associated
with deltas. Delta plains of active deltas, such as the Lavaca-Navidad, are
covered with salt, brackish, and freshwater marshes. 1In order for marshes to
propagate there must be a balance between sediment deposition and compactional
subsidence, If there is excessive vertical accretion, marsh vegetation is
replaced by mainland grasses, shrubs, and trees. Wwhere subsidence is more
rapid than sediment deposition, the plants drown and erosion by waves and
currents deepen the marsh to form lakes or enlarged bay areas.

The Lavaca-Navidad delta is being eroded along its perimeter except in
the immediate area of the mouth of the Lavaca River. The active delta has
prograded about 2.7 miles (4.4 km) into Lavaca Bay, with rates near the river
mouth of 4 feet per year (1.2 m) for the period 1957 through 1972 (254).

At the present, marsh surface-water level relationships of Garcitas,
Lavaca, and Colorado deltas are reported to be stable (257). Sedimentation
rates and subsidence apparently have a constant relationship. Other important
sources of estuarine sediments include:

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

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

(3) Normal ecologlcal and biological processes producing organic sedi-

ment from the marine life and aquatic vegetation, often making up a
large percentage of total estuarine sediments.

Shoreline and vegetation changes within the Lavaca-Tres Palacios estuary
and in other areas of the Texas Gulf Coast are the result of natural processes
(257, 258). Erosion produces a net loss of land; accretion, a net gain of
land; and equilibrium conditions, mo net change in land area. Shorelines are
either in a state of erosion or accretion, or have been stabilized either
naturally or artificially.

Most of the shorelines associated with the Lavaca-Tres Palacios estuary
system are eroding (Figures 3-5), which indicates that the sediment wvolume
‘supplied to Gulf and bay shorelines is insufficient to balance the amount of
sediment removed by waves and longshore drift (254). The nature of beaches is
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an indicator of the coondition of shoreline stability. Sediments - of the
mainland beaches are a mixture of sand, shell, and rock fragments, with shell
and rock fragments being the most common constituents. This is an indication
that very little sand is currently being supplied to these beaches by the
rivers, '

Processes that are responsible for the construction of shorelines and
that are presently modifying shorelines in the Lavaca-Tres Palacios 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 bay to
a maximum of about 2 feet (0.61 m) along the Gulf shorelines., Wind is a major
factor in influencing cooastal processes; it can either raise or lower water
levels along the Gulf and/or mainland shore according to the direction it is
blowing. Wind also generates waves and longshore currents (179, 92, 291),

The seasonal threat of wind and water damage associated with tropical
cyclones entering in the Gulf of Mexico exists each vear from June through
October. Wind damage from hurricanes and associated tornadoes can be oostly,
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
hurricanes (190). Storm surge flooding and attendant breaking waves may erode.
Gulf shorelines tens or hundreds of feet. Surge heights may range up to 15
feet in some areas (254, 255). Washovers along the barrier islands and
peninsulas are common, and salt-water flooding may be extensive along the
mainland shorelines.

Flooding of rivers and small streams normally correspond either with
spring thunderstorms or with the summer hurricane season. Rivers generally
flood as a result of regional rainfall, but flooding along smaller streams may
be activated by local thunderstorms (254). Some effects of flooding include:
(1) overbank flooding into marsh areas of the floodplain and onto delta
plains; (2) building of bay-head and oceanic deltas; (3) flushing of bays and
estuaries; and (4) reduction of salinities.

Mineral and Energy Resources. Resources of the Texas coastal zone include oil
and natural gas (Figure 3-6), which serve not only for fuel but also provide
raw material for many petrochemical processes. In addition, the ooastal zone
contains important resources of chemical raw materials, such as sulfur, salt
and shell for lime, The great abundance of these chemical and petroleum raw
materials and their occurrence in a zone with ocean access helps to make this
area one of the major petrochemical and petroleumrefining centers of the
world.

The production of oil, natural gas, and natural gas liquids plays a
prominent role in the economy of the Lavaca-Tres Palacios estuary. In addi-
tion to the direct value of these minerals, oil and gas production supports
major industries within the area and elsewhere in the ooastal zone by provid-
ing readily available fuels and raw materials.

Notably absent from the Texas ooastal zone are natural aggregates and
bulk construction materials (e.g., gravel and stone for crushing}. At the
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same time, however, the demand for these materials is high in the heavily
populated and industrialized areas of the ooastal zone; 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.

Dredged shell with physical properties suitable for use as aggregate and
road base has chemical properties suitable for lime, cement, and other chemi-
cal uses, If shell were not used, these resources would have to be trans-—
ported approximately 150 miles (240 km) from the nearest Central Texas source.
Shell resources are finite, and at present rates of consumption in the ooastal
zone they will be depleted in the near future. Substitute materials will then
have to be imported, either from inland sources or by ocean barge from more
distant locations.

Groundwater Resources. Groundwater resources in the area of the Lavaca-Tres
Palacios estuary occur in a thick sedimentary sequence of interbedded gravel,
sand, silt and clay. The stratigraphic units included in this seguence are
the Jackson Group; the Catahoula, Oakville, and Goliad Formations of Tertiary
Age; and the Willis, Lissie, and Beaumont Formations of Quaternary Age. These
ancient sedimentary units are not uniform in composition and thickness; they
were deposited by the same natural processes that are now active in shaping
the coastline. Thick layers of sand and gravel representing ancient river
channel deposits grade laterally into silt and clay beds which were deposited
by the overbank flooding of ancient rivers. Individual beds of predominantly
sand and clay interfinger with each other and are hydrologically oonnected
laterally and vertically. Because of this interconnection, groundwater can
move from one bed to another and from one formation to another. Thus the
entire sequence of sediment, with the exception of the Jackson Group, func-
tions as a single aquifer referred to as the Gulf Coast Aquifer.

Near the Lavaca—Tres Palacios estuary the fresh (up to 1,000 mg/1 total
dissolved sgolids) to slightly saline (1,000 to 3,000 mg/1 total dissolved
s0lids) portion of the aquifer extends to a maximum depth of about 1,600 feet
(488 m). The most productive part of the aquifer is from 200 to 600 feet {61
to 183 m) thick (232).

Excessive pumping of groundwater can cause land surface subsidence and
salt-water encroachment, both of which are irreversible., Locally the shallow
aquifer may contain saltwater, whereas, deeper aquifer sands may have fresh-
water. Excessive pumping of freshwater will allow saline waters to encroach
into freshwater zones, contaminating wells and degrading general groundwater
quality. The principal effects. of subsidence are activation of surface
faults, loss of ground elevation in critical low-lying areas prone to flood-
ing, and alteration of natural slopes and drainage patterns.

Natural Resources

The Texas cooastal zone 1s experiencing geological, hydrological,
biological 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
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considerable development. Competition for space exists for such activities as
recreation, seasonal and permanent housing, industrial and commercial
development, and mineral and other natural resource production (257, 258).

The Lavaca~Tres Palacios estuary 1lies in the Coastal Prairie land
resource area (319). The native vegetation oconsists of coarse grasses with a
narrow fringe of trees along the streams. Much of the surrounding area is now
covered by -improved pasture grasses and cultivated crops. Marshes are
confined to narrow strips along the coast and are composed of saltgrass,
cordgrass, and spikesedge. Soils:vary from light, acid sands to darker, loamy
clays. '

Land use in the area is dominated by agricultural and ranching activities
(Figure 3-7), with rice being the principal irrigated crop (227, 321).
Results of studies on irrigation return-flow quantities (324) show that 30 to
40 percent of the water applied for rice irrigation returns as surface flow to
the drainage system. Crops such as grain sorghum, corn, soybeans, and cotton.
are dryland crops produced in the area. TImproved pastures have been created
from brushland. Forested areas, primarily cak, are prevalent.

The only state-owned recreational facility in the immediate vicinity of
the Lavaca~Tres Palacios estuary is the Port Lavaca Causeway, a lighted fish-
ing pier. Archeological sites within the area indicate aboriginal utilization
of the region from the Paleo-Indian through the Neo—American periods (294}.
Important historic sites (Figure 3-8) include the Townsite of Indianola, a
19th century seaport in Calhoun County, the Nuestra Senora del Refugio Mission
(possible location), and Fort St. Louis (established in 1685 by Rene Robert
Cavelier, Sieur de la Salle, on Garcitas Creek) (248, 249, 323).

The Lavaca-Tres Palacios estuary system is a significant resource of the
commercial fishing industry in Texas. Since 1962, the average annual commer—
cial catch (all species) from this bay system has exceeded 3.3 million pounds
(1.5 million kilograms), second in Texas only to Galveston Bay. Shellfish,
particularly shrimp, comprise the major portion of the commercial landings,
accounting for more than 90 percent of the total harvest weight. The remain-
ing portion of the annual commercial catch is distributed among the finfish
species, with seatrout, red drum, black drum, and flounder being the major
commercial species.

Natural resources of the bay system and adjoining inland areas provide a
wide variety of recreational opportunities for the people of Texas, as well as
visitors from other states. Water-oriented recreational activities such as
fishing and boating, skiing, and swimming are amply available to the’ re-
creationists, with approximately 240,000 surface acres (97,000 hectares) of
bay waters available for recreational use. The fishing resources of the
Lavaca-Tres Palacios estuary system include many fish species preferred by
sport fishermen. Sport creel studies conducted by the Texas Parks and Wild-
life Department (347) indicate that an estimated 970,000 pounds (440,000 kilo-
grams) of fish {all species) were harvested by sport fishermen in this estuary
during the year 1975 through 1976. Species composition of the sport harvest
was predominantly seatrout (32.6 percent), gafftop-sail (19.4 percent), and
flounder (18.2 percent). Other preferred species include red drum, black
drum, croaker, sand trout, and sheepshead.
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Figure 3-7. Land Use/Land Cover, Lavaca-Tres Palacios Estuary {227).
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Inland areas and marshes oontiguous to the Lavaca~Tres Palacios estuary
provide terrestrial and aquatic habitat for many species of wildlife including
the endangered American alligator, the whooping crane, the Atlantic Ridley
turtle, and brown pelican, and the leatherback turtle. Wildlife resources of
the area enhance the recreational opportunities, including sightseeing, nature
studies and esthetic benefits accruing to naturalists and environmentalists
alike., In xidition, approximately 35,000 acres (14,000 hectares) of marshland
are available to outdoor sportsmen for hunting opportunities., These marsh
areas support large populatlom of migratory game birds, such as geese and
ducks.

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, very little data were available on the estuaries of Texas. Several
limited research programs were underway; however, these were largely inde-
pendent of one another. The data oollected under any one program were mot
comprehensive, and since sampling and measurement of environmental and
ecological parameters under different programs were not accomplished simul-
taneously, the resulting data could not be reliably correlated, In some
estuaries, virtually no data had been ollected.

A program was therefore initiated by the Department, in cooperation with
other agencies, to collect the data considered essential for analvses of the
physical and water quality characteristics and ecosystems of Texas' bays and
estuaries. To begin this program, the Department consulted with the U, S.
Geological Survey and initiated a reconnaissance-level investigation program
in September 1967. Specifically, the initial objectives of the vrogram were
to define: (1) the occurrence, source and distribution of nutrients; (2)
current patterns, directions, and rates of water movement; (3) physical,
organic and inorganic water quality characteristics; and (4) the occurrence,
quantity, and dispersion patterns of water (fresh and Gulf) entering the
estuarine system. To avoid duplication of work and to promote ooordination,
discussions were held with other State, Federal and local agencies having
interests in Texas estuarine systems and their management. Principally,
through this ocooperative program with the U. S. Geological Survey, the Depart—
ment has continued to oollect data in the 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 constant hydrologic, meteorologic, and tidal conditions. 1In addi-
tion, a time history of tidal amplitudes and salinities at various locations
throughout the bay was necessary. Comprehensive field data wollection was
undertaken on the Lavaca-Tres Palacios estuary during October 4-5, 1971 and
October 16-19, 1972, Tidal amplitudes were measured simultaneously at
numerous locations throughout the estuary (Figure 3-10). Tidal flow measure-
ments were made at several different bay cross—-sections (A, B, C, D, E, F, G, .
H and I of Figure 3=10): 1In addition, conductivity data were collected at
many of the sampling stations shown in Figure 3-9. Studies of past and .
present freshwater inflows to Texas' estuaries have used all available sources
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Table 3-2. U. S. Geological Survey {USGS) or Corps of Engineers (COE) Gages,
Lavaca-Tres Palacios Estuary

: " : Period : :
Station : Station Description : of + Operating : Type of
Number : : Record : Entity : Record
Tide Gages

16A Colorado River nr. Wadsworth, 1975- CCE Continuous
Celenese Dock Recording

17 Tres Palacios Bay at Palacios, 1967~ COE Continuous
Sh. Bt. basin Recording

18 Carancahua Bay at Hwy. 35 1968- COE Continuous
bridge Recording

19 Piper Lakes, Fish & Wildlife 1968— COE Continuous
Recording

20 Entrance, Matagorda Ship 1963~ COE Continuous
Channel ' Recording

21 Matagorda Bay, Range, Tr., 1963-74 COE Continuous
Entrance Cut . Recording

21A Matagorda Bay, GIWW, Air Force  1970-71 COE Continuous
Dock Recording

21B Matagorda Bay, N. Dike, Entr., 1975- COE Continuous
Channel Recording

22n Saluria Bayou, 0ld Coast Guard 1964-69 COE Continuous
Sta. Recording

23 Lavaca Bay, Mag. Beach, Humble 1968- COE Continuous
‘ 0il Recording

24 Lavaca Bay, Hwy. 35 bridge 1964~ COE Continuous
Recording

25 Lavaca Bay, Six Mile Rd. Co. 1976— COE Continuous
Park Recording

1178.45 East Matagorda Bay nr. Sargent = 1973-75 UsGS Continuous
Recording

1179.50 Intracoastal Waterway nr. 1977- USGS Continuous
Matagorda ' " Recording

{continued)
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Table 3-2. U. S. Geological Survey (USGS) or Corps of Engineers (COE) Gages,
Lavaca-Tres Palacios Estuary (cont'd.) .

: "t Period : o
Station : Station Description : of : Operating : Type of
Number  : : Record : Entity : Record

1179.85 Fast Matagorda Bay nr. 1973- USsGS Continuous
Matagorda Recording

1625.04 Colorado River at Matagorda 1977~ UsGS Continuous
' ' Recording

1625.08 Colorado River nr. Tiger 1977~ USGS Continuous
Island Cut Recording

1625.12 Culver Cut nr. Matagorda 1977- USGS Continuous
Recording

1625.15 Matagorda Bay nr. Matagorda 1972- USGS Continuous
Recording

1625.35 Matagorda Bay nr. Palacios 1971-72 UsGS Continuous
Point Recording

1625.45 Matagorda Bay nr. Half 1972-75 USGS Continuous
Moon Reef Recording

1625.85 Tres Palacios Bay nr. 197375 UsGS Cont.inuous
(nllegeport Recording

1626.65 Tres Palacios Bay at 1967-76 UsGS Continuous
Palacios R%cording

L]

1626,85 Matagorda Bay nr. Palacios 1968~76 USGS Continuous
Recording

1626.9 Carancahua Bay nr. 1968-76 USGS Continuous
Palacios Racording

1628,50 Carancahua Bay nr. Point 1968-76 USGS Continuous
Comfort Recording

1628.80 K. - ..r Bay nr. Point 1973--75 UsGs Continuous
Comfort ‘ Recording

1646.30 Lavaca River nr. Lolita 1973- UsGs Continuous
Recording

1645.32 Lavaca River nr. Lolita, 1974-76 UsGs Continuous
east overflow . Recording

1645.34 Lavaca River nr. Lolita, 1974-76 USGS Continuous
west overflow Recording

{continued)
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Table 3-2. U. S. Geological Survey (USGS) or Corps of Engineers (COE) Gages,
Lavaca-Tres Palacios Estuary (cont'd.)

: - : Period : : -
Station : Station Description :  of : Operating : Type of
Number = : Record : Entity ¢ Record

1645.40 Menefee Lake, No. 1, nr. 1974-76 USGS Continuous
Vanderbilt Recording

1645.45 Menefee Lake, No. 2, nr. 1974~ UsGS Continuous
Vanderbilt Recording

1645.50 Menefee Bayou nr. Vanderbilt 1974-76 USGS Continuous
‘ Recording

- 1645.55 Lavaca River nr. Vanderbilt 1974- UsGs Continuous
' Recording

1645.60 Redfish Lake nr. Lolita 1974-76 UsGS Continuous
(CSG) Recording

1645.65 Redfish Lake nr. Lolita 1976— UsGs Continuous
Recording

1645.70 Swan Lake No. 2 nr. Point 1974-76 USGS Continuous
Comfort Recording

1645.75 Swan Lake No. 1 nr. Point 1974- UsGS Continuous
Comfort Recording

1645.80 Venado Lake nr. Vanderbilt 1974- UsGS Continuous
Recording

1648.15 Lavaca Bay at Six Mile Rd. 1968-76 USGS Continuous
Co. Park Recording

1648.25 Lavaca Bay nr. Point Comfort 1963-76 UsGS Continuous
Recording

1648.85 Lavaca Bay, Magnolia Beach 1968-76 USGS Continuous
nr. Pt, Lavaca Recording

1649.20 Matagorda Bay, Sandy Point, 1971=-77 USGS Continuous
nr. Indiancla Recording

1649.55 Matagorda Bay, Range Tower 1963-76 USGS Continuous
nr. Port O'Connor Recording

1649.65 Matagorda Bay, Entrance 1963-76 USGS Continuous
Channel, Port O'Connor Recording

1649.75 Intracoastal Waterway at 1970-71 USGS Continuous
Port O'Connor A Recording

{continued)



Table 3-2. U. S. Geological Survey (USGS) or Corps of Engineers (COE) Gages,
Lavaca-Tres Palacios Estuary (cont'd.)
: : Period : :
Station : Station Description : .of : Operating : Type of
Number : : Record : Entity : Record
1649.85 Saluria Bayou nr. Port O'Connor 1971- USGS Continuous
Recording
Stream Gages
1179.00 Big Boggy Cr. nr. Wadsworth 1970-77 USGS Continuous
Recoxrding
1625.00 Colorado River at Bay City 1948- UsGS Continuous
Recording
1626.00 Tres Palacios Creek nr. 1970- USGS Continuous
Midfield Recording
1640.00 Lavaca River nr. Edna 1938- UsGS Continuous
Recording
1644.50 Sandy Creek nr. Louise 1978~ UsGS Continuous
Recording
1645.00 Navidad River nr. Ganado 1939- UsGs Continuous
Recording
1645.03 West Mustang Creek nr. Ganado 1978- USGS Continuous
Recording
1646.00 Garcitas Creek nr. Inez 1969- USGS Continuous
Recording
1648.00 Placedo Creek nr. Placedo 1970~ UsGS Continuous
Recording
Partial Record Stream Gages
1626.50 Cashs Creek nr. Blessing 1969—- USGS Limited Data
1627.00 East Carancahua Creek nr. 1967-68 UsGS Limited Data
Blessing 1970~
1628,00 West Carancahua Creek nr. 196768 USGS Limited Data
La Ward 1970-
1644.95 Sandy Creek nr. Ganado 1975-77 UsGs Limited Data
1645.05 Mustang Creek below Ganado 1975-77 UsGS Limited Data
1648,50 Chocolate Baycu nr. Port 1967-68 USGS Limited Data
Lavaca 1970-
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of information on the physical, chemical, and biological characteristics
of these estuarine systems in an effort to define the relationship between
freshwater and nutrient inflows and estuarine environments.

-

Economic Characteristics

Socioceconcmic Assessment of Adjacent Counties

The economic significance of the natural and man-made resources asso—
ciated with the Lavaca-Tres Palacios estuary is reflected in the direct and
indirect linkages of the bay-supported resources to the economies of Calhoun,
Jackson, Matagorda and Victoria Counties, Trends in population, employment,
earnings by industry sector, and perscnal income levels are presented for the
four counties.

Population. The population of the four county study area experienced a growth
of approximately 4.1 percent between 1970 and 1975. Calhoun and Jackson
County populations showed insignificant changes of =-0.2 percent and +0.2
percent, respectively, while Matagorda County population grew 2.1 percent.
Only one county, Victoria, grew significantly (7.5 percent), but its increase
was still below statewide population growth (8.8 percent) for the same
period.

In 1975, the population of the four county area was 117,100. Victoria
and Matagorda Counties accounted for 49 percent and 24 percent of the total,
respectively. Population forecasts for the period 1975 to 2030 indicate that
the population of the study area can be expected to increase 110 percent by
the year 2030. Victoria County is projected mot only to remain the most
populated, but also to remain the fastest growing, with an annual rate of
growth (1.6 percent) twice that of any other county in the study area (Table
3-3).

Income. Along with the growth in population, the four county study area is
expected to experience increases in personal income through the year 2030.
Regional personal income is projected to more than double in the period 1970
to 2000, and by 2030 to exceed 10 times the 1970 amount. However, regional
personal income is projected to increase at a slower rate than state income.

Employment. In 1970, an estimated 39,400 persons were employed in the study
area, and almost half of these (19,306) worked in Victoria County. Jackson
County had the lowest employment, only 11 percent of the regional total.

The four county area employment is projected to increase 112 percent from
1970 to 2030 bringing total employment to 83,575. However, during this time,
the region's share of total state employment should fall from 0.95 percent to
0.65 percent.

Elghty~one percent of the region's employed labor force is distributed

among eight major industrial sectors (Table 3-4). More workers are involved
in wholesale and retail trade than any other sector.
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Industry. The "basic" industries in the area (i.e., those which produce output
largely for export) are manufacturing, agriculture-forestry—fisheries, and
mining (Table 3-4). These sectors account for over 30 percent of all
employment in -the study area. In addition to the basic sectors are the service
sectors: wholesale and vretail trade, professional services, civilian
government, and amusement and recreation. These employ 41 percent of the
region's workers. 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 economy, in terms of
total earnings, 1is manufacturing (Table 3-5). Most of the manufacturing
activity is ooncentrated in the production of primary metals, chemicals and
allied products. ‘

The mineral wealth of the area is also an important factor in its
economy . The four counties annually produce $212.9 million of o0il, gas,
stone, sand, salt, shell and gravel. These mineral products supply raw
materials for the manufacturing, petroleum refining and petrochemical
industries.

The area surrounding the Lavaca-Tres Palacios estuary produces a signi-
ficant portion of the ooastal region's agricultural output, with average
annual receipts of $98.6 million. Jackson and Matagorda Counties are rice
producers; other major regional crops are cotton, sorghum, soybeans, and oorn.
Sixty percent of farm income in Victoria County originates from livestock and
poultry. 1In addition, the bay-supported commercial fishing industry provides
such as fish and shellfish seafoods to local and regional markets.

Summary. The four county area possesses abundant natural and man-made re-
sources. Examination of projected trends in population, employment,
industrial composition 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 which
such diverse industrial activities as manufacturing, agriculture, tourism,
fishing, and oil and gas mining are able to coexist in the bay environment.

The economic outlook for the study area is somewhat uncertain due to the
limited growth potential of the agricultural, oil and gas, and commercial
fisheries industries which currently play such an important role in the
econonmy. In view of this situation, water—oriented outdoor recreational
potential may have an impact on the economic progress of the area and may
provide a vehicle for boosting income levels and job opportunities.

Economic Importance of Sport and Commercial Fishing

Introduction. Concurrent with the biological and hydrological studies of the
Lavaca~Tres Palacios estuary system, analyses have been performed to ocompute
estimates of the quantities of sport and commercial fishing and the economic
impacts of these fisheries upon the Jlocal and state economies. The sport
fishing estimates are based upon data cbtained through surveys of a sample of
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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
Lavaca-Tres Palacios estuary. The surveys included: (1) personal interviews;
(2) roving counts; and (3) motor vehicle license plate counts {347). Personal
interviews of a sample of sport fishing parties on a randomly selected sample
of weekend days and weekdays were oonducted at major access points to the
Lavaca-Tres Palacios estuary for the purpose of obtaining sample data pertain—
ing to fish catch, cost of fishing trip, and personal opinion information.
Concurrent with the personal interview sample survey, counts of gport fisher—
men and boat trailers were made at a statistically randomized sample of boat
ramps, wade-bank areas, and commercial piers to estimate the number of sport
fishing parties in the bay area. Data from the personal interview sample and
fishermen counts conducted during the period September 1, 1975 through August
31, 1976 were used in this analysis. A motor vehicle license plate sample
survey was oonducted during the summer of 1977 to obtain additional informa-
tion on sport fishing visitation patterns by county of origin.

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

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

The estimated number of fishing parties at Lavaca-Tres Palacios estuary
for the study period is stated as follows:

T=2Z2 +W+P

where: A
T = Estimated total annual fishing parties,
Z = Estimated number of boat fishing parties,
W = Estimated number of wade-bank fishing parties, and
P = Estimated number of pier fishing parties.
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Each of the components of the total fishing party estimating equation
defined and explained below.

4
2= T zk (k=1, 2, 3, and 4) and pertains to the calendar
k=1 quarters of the year beginning with September 1, 1975

where:
7 = Estimated number of boat parties fishing in Lavaca-Tres Palacios

estuary for the period September 1, 1975 through August 31, 1976.

z) = Estimated number of boat parties fishing in Lavaca-Tres Palacios
estuary during the kth calendar quarter of the study pericd.

4
W = L we; (k=1, 2, 3, and 4) as explained above,
k=1

where:
W = Estimated number of wade-bank parties fishing in Lavaca-Tres
Palacios estuary for the period September 1, 1975 through
August 31, 1976, '
wi = Estimated number of wade-bank parties fishing in Lavaca-Tres
Palacios estuary during the kth calendar quarter of the study
period.

4
P = I pxi (k=1,2, 3, and 4) as explained above.
k=1 ‘

where:

P = Estimated number of pier parties fishing in Lavaca-Tres Palacios
estuary for the period September 1, 1975 through August 31, 1976.

pk = Estimated number of pier parties fishing in Lavaca-Tres Palacios
estuary during the kth calendar quarter of the study period.

is

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 computing methods are stated and defined
below for the general case, for weekdays. An identical definition pertains to
weekend days and is not repeated here. The results for weekdays and weekend

days were summed to obtain estimates for the entire quarter.

For boat fishing:

13
-

By - Hy » Dy 1
k - k . - —
i=1 j3=1 Nik

™~

I

Zk=
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where:

Estimated number of boat fishing parties on weekdays in

quarter k,

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

Hy = Number of hours subject to being surveved per weekday in
quarter k (14 hours per day in fall, 12 hours per day in winter, 14
hours per day in spring, and 15 hours per day in summer),

r = Sample boat sites within the study area (25 boat sites for the

- Lavaca-Tres Palacios estuary),

Weekdays in quarter k (m = 64 in fall, spring, and winter,

m = 67 in summer),

Xj4= Number of trailers counted per hour on weekdays at site i on
day j, in quarter k,

Nix= Eumgig of times site i was surveyed on weekdays during quarter

r

N
A
n

~

Ay = Average number of hours fished per boat party on weekdays in
quarter kK.

For wade-bank fishing:

r moXiq
H . Dk . X
i=1 j=1 Nik
Wy =
Ay

where: ‘

Wy = Estimated number of wade—bank fishing parties on weekdays in

quarter k,
r = Sample wade—bank sites within the study area (23 wade-bank sites

for the Lavaca—Tres Palacios estuary),
xj3= Number of fishermen counted per hour on weekdays at site i, on
day j, in quarter Xk,

A, = Average number of hours fished per wade bank party on weekdays in
quarter Kk,
Hy, Dk, and Nijx are as defined above for boat parties.

For commercial pier fishing:

He « Dy o

A

i=1 3
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where:
Pk = }E{stimated number of pier fishing parties on weekdays in quarter
r
r = Sample pier sites within the study area (three pier sites for the
Lavaca-Tres Palacios estuary),
Kk = Average number of hours fished per pier party on weekdays in
quarter K,
Hi, Dx, and Njj are as defined above for boat parties and
Xij 1s as defined above for wade-bank parties.

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

Sport Fishing Visitation Estimates. Results from the visitation estimation
equations indicate that more than 161 thousand fishing parties visited the
Lavaca-Tres Palacios estuary during the period September 1, 1975 through
August 31, 1976 (Table 3-6). Seasonal visitation as a percentage of annual
visitation ranged from a high of more than 46 percent for the summer quarter
to a low of approximately 14 percent during the winter quarter. The distribu-
tion of fishing parties by strata indicates that wade-bank fishing accounted
for about 64 percent of annual visitation followed by boat fishing with'
approximately 31 percent and pier fishing with approximately five percent
(Table 3-6). :

Sport Fishing Visitation Patterns. Although the personal interview informa-
tion included the oounty of residence of the interviewee, the mumber of inter-
views (618 in all) was too small to estimate a general visitation pattern to
the estuary system. Thus, an intensive sample survey was undertaken in the
summer of 1977 to observe, in conjunction with the roving count, the motor
vehicle license plate numbers of fishing parties. From the license plate
numbers, the vehicle's registration oounty, presumably the fishing party's
county of residence, could be determined. 1In this way, the effective sample
size was increased.

The results of the survey show that about 60 percent of fishermen at
Lavaca-Tres Palacios estuary came from the following ten counties — Harris
(12.5 percent of the summer 1977 visitation), Victoria (11.8 percent), Calhoun
(6.9 percent), Travis (6.7 percent), Bexar (6.2 percent), Wharton (4.1
percent), DeWitt (2.7 percent), Dallas (3.0 percent), Brazoria (2.1 percent),
and Tarrant {1.9 percent). A more general visitation pattern distinction of
"local", "nonlocal” and "out-of-state" was also made. "Local", for the pur-
poses of this study, includes oounties within approximately 60 miles of the
estuary area. For the Lavaca~Tres Palacios estuary, these oounties are
Aransas, Calhoun, Jackson, Matagorda, Refugio, Victoria, and Wharton. "Non-
local" comprises all other Texas oounties.

Since it is expected that the proportions of local, monlocal and out-

of-state bay sport fishermen vary from season to season, an attempt was made
to estimate this pattern for seasons other than the summer period. The only
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Table 3-6.

Estimated Seascnal Sport Fishing Visitation to Lavaca-Tres
Palacios Estuary, 1975-1976 a/

Boat : Wade-Bank : Pier

Season b/ : Total ~ All Strata
thousands of parties

Fall 12.0 19.5 2.2 33.7
(2.34) (2.23) (2.34) (2.26)
Winter 10.0 11.6 1.0 22,6
(2.38) (2.17) (1.77) (2.22)
Spring 5.1 24.1 1.4 30.6
(2.97) (2.17) (1.97) (2.32)
Summer 23,0 47.8 3.5 74.3
{2.90) (2.69) (2.47) {2.60)
Total All 50.1 103.0 8.1 : 161.2
Seasons (2.61) (2.27) (2.27) (2.37)

a/ The figures in parentheses indicate the average number of fishermen
per party for the respective fishing type and quarter.

b/ Fall =
Winter
Spring
Summer

September, October, and November
December, January, and February
March, April, and May

June, July, and August

nmn
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information available on visitation patterns for all seasons was the sample of
personal interview data which, in addition to the small number of
observations, was felt to be biased toward local parties. Thus, the summer
license survey visitation pattern was compared to the summer interview
pattern, for the purpose of computing an adjustment factor. This was applied
to the remaining quarters of interview data to remove the bias toward local
data and provide a more accurate reflection of year-round visitation patterns
(Table 3-7).

Sport Fishing Direct Expenditures. During the interview, a question was asked
of the party head for total expected ocost 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)
and strata (boat, wade-bank, or pier). The average cost per party for the
various fishing types and origins (Table 3-8) was applied to the adjusted
visitation distribution estimates (Table 3-7} and visitation estimation by
type {(Table 3-6) to obtain an estimate of total sport fishing expenditures
{Table 3-9). Nearly 44 percent of estimated $6.7 million expenditures were
made during the summer and 22 percent were made during the winter quarter
(Table 3-9).

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

Indirect impacts are the dollar wvalues of goods and services that are
used to supply the sectors which have made direct sales to fishing parties.
Each directly affected sector has supplying sectors from which it purchases
materials and services. The total amount of these successive rounds of
purchases is known as the indirect effect. The total business effects of
sales of equipment, supplies, and services to fishing parties upon the
regional and state economies include the direct and indirect incomes resulting
from the direct fishing business. Each economic sector pays wages, salaries
and other forms of income to employees, owners and stockholders who in turn
spend a portion of these incomes on goods and services, In this study, the
method used to calculate this total impact is input-output analysis, using the
Texas Input—Output Model (231) and regional input—output tables derived from
the state model (235).1/

1/ 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 Lavaca-
Tres Palacios Estuary, 1975~1976 -

Visitation Fall Winter : Spring : Summer Total-Annual
thousands of parties

Local 1.1 4.0 10.1 . 19.0 | 44.2

Nonlocal 22.4 16.0 19.2 52.9 110.5

Out~of-State 0.2 2.6 1.3 __2_4_ 6.5

Total Visitation 33.7 22.6 30.6 74.3 161.2

Table 3-8, Estimated Average Cost per Sport Fishing Party by Type and
Origin, Lavaca-Tres Palacios Bstuary, 1975-1976

Average Cost Weighted
per Party : Boat : Wade—Bank : Pier : Average
: : 1975 dollars: :
Local 21.63 10.91 15.67 14.38
Nonlocal a/ 49.85 47.66 54,82 48.71

a/ Out-~of-state costs per party, for the estimated 6,500 parties, was com-
puted at $426.83. However, it is not clear that total costs of out—of-
state trips should be attributed to fishing.
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The expenditure data oollected . by personal interviews of a sample of
fishing parties at the Lavaca-Tres Palacios estuary (Table 3-9) indicated only
the magnitude of variable expenditures by sport fishermen, To estimate the
sectoral distribution of all expenditures, the interview data were
supplemented with data from estimated retail sales in 1975 by marine sport
fishing related industries in the West Gulf of Mexico region (Mississippi
delta to Mexican border) (378). To account for different origins and types of
fishing parties, variable expenditures were analyzed for each of the four
types of fishing parties: local boat parties; local wade-bank and pier
parties; nonlocal and out—of-state wade-bank and pier parties; and nonlocal
and out-of-state boat parties. Variable expenditures, except for travel, were
classified as having been made within the local region, since that is the site
at which the service is produced. For the travel sector, it was assumed that
one-half of the expenditures occurred within the local area and one-half
occurred elsewhere in the state en route to the study area.

The results of the survey show that variable sport fishing expenditures
in the local area of the Lavaca-Tres Palacios estuary were over $5.94 million.
In addition, there was an estimated $755.8 thousand spent outside the region,
within Texas (Table 3-10). Most of the expenditure impact, over 89 percent,
accrues to the region. However, when the total impacts are calculated, the
regional gross impact of over $10 million accounts for less than half (46 per-
cent) of the gross dollar value statewide (Table 3-11). This spreading of
impact results from business and industry market 1linkages among regional
establishments and suppliers throughout the State.

A significant portion (over 35 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. From
these data it is estimated that regional households received an increased
annual income of over $3.1 million from the sport fishing business in the area
{(Table 3-11). Statewide, the income impact amounted to over $6.1 million,
annually. :

The input—output analysis estimated a total of 357 full time job equi-
valents directly related to sport fishing in the Lavaca-Tres Palacios estuary
region in 1975 through 1976. Statewide, .an additional 65 full time Jjob
equivalents were estimated to be directly related to the expenditures for
sport fishing. The total employment impact to the state economy was 718 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 from
sport fishing business. The total statewide state tax revenues amounted to
over $221 thousand, with $78 thousand collected in the local region. Most of
the state revenues were received from the rest of the State and not from the
surrounding estuarine region. However, the total tax revenue impacts for
1local jurisdictions were concentrated within''the region where an estimated
$166 thousand resulted from direct, indirect and induced sport fishing
expenditures (Table 3-11). In addition, local governments outside the
Lavaca-Tres Palacios region collected an estimated $172 thousand in taxes on
travel expenditures by fishing parties in 1975 through 1976.

The data show that sport fishing in the Lavaca-Tres Palacios region
results in a larger economic impact in areas outside the region than within
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Table 3-9, Estimated Sport Fishing Expenditures by Season and Fishing Party
Type, Lavaca-Tres Palacios Estuary, 1975-1976

Season a/: Boat i Wade-Bank ; Pier 2 Total : Percent
: : thousand; of 1976 doilars :
Fall 514.2 732.9 93.0 1346.0 20.07
Winter 476.3 503.9 49,3 1029.6 15.36
Spring 219.2 907.3 64.0 1190.5 17.76
 Summer 1036.9 1934.1 166.9 3137.9 _46.81
Total 2246.6 4078.2 379,2 6704.0 100.00

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

Table 3-10. Estimated Sport Fishing Variable Expenditures by Sector, Lavaca-
Tres Palacios Estuary, 1975-1976

: Bait : Travel : Food : Lodging : Recreation a/ : Total
) - tﬁousands éf 1976 doilars )

a/ Marinas, boat fuel, and boat rental.
b/ Adjusted for travel expenditures outside the study area 6,704.0 -
755.8. Expenditures in the region = $5,948.2 thousand.
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Table 3-11. Direct and Total?®/ Economic Impact from Sport Fishing
Expenditures, Lavaca-Tres Palacios Estuary, 1975-1976 b/

.
.

; Direct ¢/ : Total
: Redional : Sﬁate : Régional : State 4/
Output
{ thousands) $5,948.2 $6,704.0 $10,059.7 $21,640.3
Employment
(Man-Years) 357 422 451 718
Income _ :
( thousands) 2,093.5 2,470.1 3,150.9 6,139,.6
State Tax
Revenues
({ thousands) e/ 51.3 78.1 221.2
Local Tax
Revenues
{ thousands) e/ 73.3 166.4 339.2

a/ Total = direct, indirect, and induced.

b/ Values in 1976 dollars.

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

d/ Statewide expenditures include the regional impacts.

e/ Data not available.
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the region, except for regional local tax revenues. However, data necessary
to analyze the effects of sport fishing equipment business were not available.
Thus, the annual statewide gross output impact of over $21 million represents
a contribution to the State's eoor']omy from only the variable expenditures by
sport fishermen in the estuary region and does not include the effects of
purchases of sport fishing equipment.

Economic Impact of Commercial Fishing. The analysis of the commercial fishing
industry in the Lavaca-Tres Palacios estuary was somewhat limited by the
availability of estuary-specific data. Estimates were made of the inshore-
offshore catch associated with the estuary. However, the specific markets
into which the fish catch were marketed are not known. 'I"nus, for this portion
of the analysis it was assumed that the markets were in Texas arxi that the
statewide average prices were appropriate and applicable. .

The average annual commercial fishing oontribution of the estuary was
estimated at 338,900 pounds (154,045 kg) of finfish and 15,892,900 pounds
(7,224,045 kg) of shellfish for the period 1972 through 1976. Using 1976
dockside finfish and shellfish prices ($.357 per pound of fish and $1.456 per -
pound of shellfish), the direct commercial value of fish attributed to the
,estuary was estimated at $23.26 million (1976 dollars) (354). Shrimp, blue
‘crab, and oysters constituted approximately 95 percent of this value.

The Texas economy-wide total business resulting from commercial fish
catch attributed to the Lavaca-Tres Palacios estuary was estimated using the
1972 Texas Input-Output Model fisheries sector multipliers., Total value of
the catch was $23.26 million, direct employment in the fisheries sector
was 847, and direct salaries to fisheries employees was §$7. 77 million ({(Table
3-12).

Gross Texas business resulting from fishing, processing, and marketing
the catch attributed to the estuary in 1976 was estimated at $72.4 million.
Indirect supporting and marketing activities provided 510 full time Jjob
equivalents and an additional 847 full time job equivalents associated with
the direct fishing activity statewide. Gross personal income in Texas
attributed to the estuarine fishing and supporting sectors was estimated at
$19.92 million, state taxes at $658 thousand, and taxes paid to local units of
governments throughout Texas, as a result of this fishery business, at $914.2
thousand in 1976 {Table 3-12}.

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

Sport fishing expenditures exert an effect upon the economies of the
local regions where fishing occurs and upon the entire State because of
transportation expenses, sport fishing equipment sales, and service sector
supply and demand linkages directly and indirectly associated with £ishing
expenses. Direct business effects include expenditures for goods and services
purchased by sport fishermen (transportation, food, lodging, equipment).
Indirect impacts are the dollar value of goods and services that are used to
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Table 3-12,

Direct and Total a/

Lavaca-Tres Palacios Estuary, 1976

Economic Impact of Commercial Fishing in the

" Total

(1000's 1975 8)

a/ Total = direct,

; Fishing : :

: Sector : Regional : State
Qutput 23,2611 38,962.3 72,458.2
(1000's 1975 %) '
Employment 847 1,357 1,800
(Man—-Years) -

- Income 7,771.5 13,405.8 19,926.1

{1000's 1975 &)
State Tax Revenues 88.4 3.7 658.3
{1000's 1975 3)
Local Tax Revenues 104.7 628.0 914.2

indirect and induced.
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supply the sectors which make these direct sales to fishing parties. Other
indirect impacts include wages, salaries and other forms of income to
employees, owners and stockholders.

The method of input-output analysis, using both the Texas Input—QOutput
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 $5.94 million. In addition, there were an
estimated $755.8 million spent outside the region, within Texas.

Over 35 percent of the direct expenditures by sport fishermen in the
reqgion resulted in increased personal incomes for regional households directly
affected by the sport fishing industry. Statewide, the income impact amounted
to over $6.7 million, annually. In addition, the total employment impact to
the State economy was 718 full-time job equivalents.

Revenues to State and local government (including schools) were
positively impacted by the increased business activity and gross dollar flows
from the sport fishing industry. The total statewide State tax revenues
amounted to over $221 thousand. Except for regional local tax revenues, sport
fishing resulted in a larger economic impact in areas outside the region than
locally.

Estimates were made of the inshore-offshore oommercial fisheries catch
associated with the Lavaca-Tres Palacios estuary. The average annual
commercial fisheries contribution was estimated at 16,231,800 pounds of
finfish and shellfish for the period 1972 through 1976, The total wvalue of
the catch was $23.26 million, direct employment in the commercial fisheries
sector was 847, and direct salaries to employees was $7.77 million.
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CHAPTER IV

HYDROLOGY

Introduction

Detailed studies of the hydrology of areas draining to the Lavaca-Tres
Palacios estuary were necessary to estimate historical freshwater inflows from
contributory areas, only a portion of which are gaged. Two major river basins
contribute to the Lavaca-Tres Palacios estuary, the Lavaca and Colorado Basins.
Additionally, small cocastal basins, including a portion of the Lavaca-Guadalupe
Coastal BRasin and the Colorado-Lavaca Coastal Basin, contribute to the estuary.
An earlier section of this report (Chapter III, "Influence of Contributory
Basins") describes upstream reservoirs in the major basins. This chapter deals
with aspects of the quality and quantity of freshwater inflow from a historical
perspective.

Preshwater Inflows

Freshwater inflow contributions to the Lavaca~Tres Palacios estuary oconsist
of (1) gaged inflow from the Lavaca and Colorado River Basins; (2) ungaged
runoff; (3) return flows from municipal, industrial and agricultural sources in
ungaged areas; and (4) precipitation on the estuary. The following paragraphs
will consider each of these individually. In addition to freshwater inflow,
evaporation from the bay surface is oonsidered in order to arrive at a fresh-
water inflow balance.

Gaged Inflows from the Lavaca Basin ‘ :

The Lavaca Basin has a total gaged drainage area of 1,879 square miles
{4,889 kmz). This inflow enters the estuary through the Lavaca delta at the
northwestern edge of Lavaca Bay. Gaged contributions of the Lavaca River
Basin to the estuary have averaged 614,000 acre-feet/year (754 million
m3/yr) over the period 1941 through 1976 (Table 4-1). Gaged vyield from
the Lavaca Basin (1941-1976) has averaged 327 acre-feet per square mile
(1,557 m3/ha). Gaged Lavaca Basin flows accounted for 21 percent of the
combined inflowl/ = and 16 percent of the total freshwater in—
flow?/ to the ILavaca—Tres Palacios estuary (Table 4-2) over the 1941
through 1976 period.

Gaged Inflows from the Colorado Basin

The total gaged drainage area of the Colorado Basin is 41,650 square
miles (108,373  km2), of which 12,880 square miles (33,514 ]-cmz) are

1/ Combined inflow = {(gaged inflow) + (ungaged inflow) + (return flows
from ungaged areas) - (diversions below last gage).
2/ Total freshwater inflow = (combined inflow) + (direct precipitation on

the estuary}.
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probably noncontributing in west Texas. The total contributing drainage area
is 28,770 square miles (74,860 m2) at the Bay City gage (USGS #08162500).
Only a portion of the flow passing the Bay City gage is directed into the
Lavaca-Tres Palacios estuary. Inflow points include Tiger Island (Parkers) Cut
and the Gulf Intraccastal Waterway (GIWW) (Figure 4-1).

The magnitude of Colorado River flow passing into the estuary is a func-
tion of several variables. Among them are the rate of flow in the Colorado
River; relative tidal alignments in East Matdgorda Bay and the Gulf of Mexico;
local wind velocity; the condition of the mouth of the Colorado River (from
scoured open to silted-closed); and the operation of the locks on the GIWW. To
determine the portion of the Colorado River flow that enters the estuary
through the delta, an algorithm was developed (see Chapter V, "Colorado River
Delta"). Over the period 1941 through 1976, average annual inflow to the
estuary from the Colorado River was 1,279,000 acre-feet (1.58 billion m)
(Table 4-2), Gaged Colorado Basin inflows accounted for 43 percent of the
combined inflow and 34 percent of the total freshwater inflow over the 1941
through 1976 pericd. ’

Ungaged Runoff Contributions

Ungaged drainage areas contributory to the Lavaca—Tres Palacios estuary
include some 2, 2421/ square miles (5,834 km2 y in the Colorado-Lavaca
Coastal Basin, the Lavaca—-Guadalupe Coastal Basin, the Lavaca River Basin, and
the Colorado River Basin. To facilitate the study of inflow contributions, the
ungaged drainage area immediately contributing to the Lavaca- Tres Palacios
estuary was divided into 15 subbasins (Figure 4-2). Using a Thiessen network
(328), the weighted daily precipitation was determined for each subbasin (Table
4-3). A water yield model which uses daily precipitation, Soil Conservation
Service's average curve numbers, and soil depletion index (Beta) to predict
runoff from small watersheds was calibrated with the seven gaged subbasins
located within the contributing drainage area (320). Statistical correlations
between annual and monthly gaged and simulated on runoff were used to determine
the "goodness of fit" of the calibration procedure. The calibrated model was
then applied to the ungaged subbasin to calculate the ungaged runoff (Table
4-3). . _

During the period 1941 through 1976, ungaged runoff averagedg/
967,000 acre—feet/year (1 19 billion m3/yr) and runoff yield averaged 431
acre—feet/ml (2,053 m /ha). Ungaged runoff accounted for ™ 33 percent of
the combined 1nflow and 25 percent of the total freshwater inflow to the
Lavaca-Tres Palacios estuary {Table 4-2) over the 1941 through 1976 period.

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. TIrrigation return flows in ungaged
areas were calculated using agency data oollected in rice irrigation return

1/ With the installation of three coastal gages in 1970, the ungaged drain-—
age area decreased to 1,940 sq. mi. (5,048 km? Ve
2/ Ungaged drainage area held constant at- 2,242 sq. mi. (5,834 km?) .
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flow studies {321, 324). Average return flows over the 1941 through 1976
period were approximately 75,000 acre-feet per year (92.6 million m3).
Estimated ungaged return flows accounted for three percent of the oombined
inflow and two percent of the total freshwater inflow to the Lavaca-Tres
Palacios estuary (Table 4-2) over the 1941 through 1976 period.

Combined Inflow

A category of combined inflow is obtained by aggregating gaged Colorado
River and Lavaca River ocontributions, ungaged runoff, and estimated ungaged
return flows. Over the period 1941 through 1976, combined inflows have
averaged 2,935,000 acre-feet per year (3.62 billion rn3/yr) (Table 4-2).
Combined inflow accounts for 77 percent of the total freshwater inflow to the
Lavaca-Tres Palacios estuary over the 1941 through 1976 period. Average
monthly distributions of combined inflow are shown in Figure 4-3. Wide varia-
tions in monthly combined inflow have occurred throughout the period of record
{Figure 4-4).

Precipitation on the Estuary

Direct precipitation on the 250,485 acre (101,368 hectare) surface area
(356) of Lavaca-Tres Palacios estuary was calculated using Thiessen-weighted
precipitation techniques (328). Over the 1941 through 1976 period, annual
mean precipitation amounted to 864,000 acre—feet per year (1.07 billion
rn3/yr). Direct precipitation accounted for 23 percent of the total fresh-
water inflow to the Lavaca—-Tres Palacios estuary (Table 4-2) over the period
1941 through 1976.

Total Freshwater Inflow

Total freshwater inflow includes gaged Lavaca and Colorado River oontri-
butions, ungaged runoff, return flows from ungaged areas and direct precipita-
tion on' the estuary. For the 1941 through 1976 period, average annual fresh-
water inflow amounted to 3,799,000 acre-feet (4.69 billion cubic meters).
Average monthly distributions of total freshwater inflow are shown in Figure
4-5,

Bay Evaporation Losses

Gross surface evaporation rates for the estuary were calculated from
Texas Department of Water Resources pan evaporation data (322). Since the
reduction in evaporation due to estuarine salinity is never in excess of a few
percent (over an extended period of time), salinity effects were neglected.
The estimation of evaporation over the 250,485 acre (101,368 hectare) estuary
surface averaged 1,171,000 acre-feet per year (1.45 billion m3/yr). When
compared to total freshwater inflow, evaporation on the estuary's surface was
about 30 percent of total inflow over the 1941 through 1976 period.
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FPreshwater Inflow Balance

A freshwater inflow balance for the period of 1941 through 1976 is shown
in Table 4~2., A negative number in some years indicates evaporation exceeding
total freshwater inflow (during periods of extreme drought). For the 1941
through 1976 period, the mean freshwater inflow balance amounted to 2,628,000
acre~-feet per year (3.24 billion m3/yr). .

Variations in Inflow Components through Drought and Flood Cycles

Although previous paragraphs have described the components of freshwater
. inflow in terms of annual and monthly average values over the 1941 through
1976 period, there havé been wide variations from the mean as.a result of
recurrent drought and flood conditions. Monthly inflows and their ocorrespond-
ing exceedance frequencies are shown in Table 4-4. The "50%" column for each
component inflow represent a 50 percent probability that the oorresponding
inflow will be exceeded in the given month. These values can be compared to
average values given in Table 4-1. Columns marked "10%" (probability of
exceedance) indicate component values for wet year oonditions, one year in
ten. Columns marked "90" (probablllty of exceedance indicate component values
for drought conditions, one year in ten. Further illustration of near limit
probabilities are provided in Figures 4-3 and 4-5 for combined 1nflow and
total freshwater inflow ’ respectlvely.

Qualiﬁy of Gaged Inflows

Two USGS gaging stations monitor the quality of inflows to the Lavaca-
Tres Palacios estuary: Station No. 08162000 (Colorado River at Wharton) and
Station No. 08164500 (Navidad River near Ganado). The range of water quallty
parameters that were experienced in the 1976 water year are tabulated in
Figure 4-6. During the period, 12 samples were available for most para—
meters.

Student's t-tests were performed on the data to determine if any statis-
tical differences (two-tailed test) were evident between the sample means for
the two gaging stations. It was found that for many parameters the difference
between the mean values recorded was not statistically significant. However,
highly significant statistical differences ( o = 0.01) between the individual
parameter means from the two statlons were found for silica, magnesium,
sodium, and sulfate.

Statistically significant differences between individual parameter means
(@ = 0.05) were found for chloride and nitrate nitrogen (as N)}. As a result,
concentrations of magnesium, sulfate, chloride and nitrate nitrogen (as N)
flowmg to the bay from the Colorado Basin are generally higher than are found
in Navidad River inflows. On the other hand, silica and sodium concentrations
in the Navidad River tend to be hlgher than are found in the Colorado River
flows. .

In general, the water quality of flows draining to the Matagorda-Lavaca
Bay is very good. No parameters have been in violation of Texas water quallty
standards, although fecal coliform concentrations in  the Navidad River
occasionally reach elevated levels during flood events. .

V=13
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Quality of Estuarine Waters

Nutrient Concentrations in the Lavaca-Tres Palacios 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 c<ollection in Texas estuaries was
initiated by the oooperative 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 the lack of sufficient data precludes a determination of seasonal
nutrient concentrations in the estuary, available data can be used to deter-
mine general 1968 through 1976 concentrations of carbon, nitrogen, and
phosphorus {CNP)} in the Lavaca~Tres Palacios estuary.

The estuary was considered as three major distinct sections for the
analysis: (1) Lavaca Bay, (2) the east arm of Matagorda Bay, and (3) the rest
of Matagorda Bay (excluding the upper portion of Tres Palacios Bay, termed
"open bay" in the analysis). Only those sampling locations located away from
major population or industrial centers in open bay waters were oonsidered,
since nutrient concentrations near these locales would bias the resultant
concentrations in open waters,

Freshwater discharges from the major rivers, the Lavaca and Colorade, amd
contributions of deltaic marshes of the Lavaca delta were expected to be the
major source of nutrient input to the system. The carbon—nitrogen-phosphorus
(CNP) concentrations in Lavaca Bay and the east arm of Matagorda Bay would
thus be expected to be greater than those in the open water of Matagorda Bay
in proximity of the Gulf of Mexico. The CNP data for each of the three
distinct portions of the estuary were tabulated, averaged, and finally
subjected to standard statistical methods for comparison 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.

Ammonia nitrogen and nitrate-nitrogen concentrations were summed for each
sample to arrive at total available nitrogen concentrations. Nitrite-nitrogen
data were infrequent; thus, nitrite-nitrogen concentrations were assumed to be
zero in this analysis.

Frequency histogram plots of grouped nitrogen and phosphorus data
{Figures 4-7 and 4-8) indicate strongly skewed freguency distributions in all
three study areas. The bulk of the observed nitrogen and phosphorus
concentrations were less than 0.10 mg/l. Concentrations of nitrogen and
phosphorus in Lavaca Bay and the eastern arm of Matagorda Bay were
considerably higher than ooncentrations of the same parameters in the open
waters of Matagorda Bay.

Organic carbon concentrations ranged from near zero to about 20 mg/1

(Figure 4-9). Concentrations in Lavaca Bay were oonsiderably higher than
those in either the east arm of Matagorda Bay or in the open bay itself.
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At present, a limited data base prevents a correlation of changes in CNP
concentrations in the open bay waters with varying freshwater inflow regimes.
The evidence suggests, however, that freshwater inflow is one mechanism for
transporting nutrients to open bay areas.

Heavy Metals a

From time to time detailed studies of water quality problems in and
around the Lavaca-Tres Palacios estuary have pinpointed heavy metals as a
significant concern near major industrial plant sites (226). The present
section is not intended to be a comprehensive analysis of the sources from
which heavy metals originate in the area. The purpose here is to summarize
the available data on heavy metals and give the range of values that have been
found in recent sampling efforts. The detection of heavy metals in water is
relatively unlikely, except in heavily polluted areas, so that bottom sedi-
ments are often analyzed for heavy metals which have been absorbed onto the
sediment particles from the water column.

Samples of bottom sediments in the Lavaca-Tres Palacios estuary were
available for the period 1972 to 1978 at sampling sites shown in Figure 3-8.
Sampling efforts were carried out by the USGS and the Texas Department of
Water Resources in cooperation with other interested agencies. From the 19
data oollection sites heavy metals detected included arsenic (As), boron (B),
barium (Ba), cadmium (Cd), chromium (Cr), cobalt (Co), copper {Cu}, iron (Fe),
lead (Pb), manganese (Mn), nickel (Ni), silver (Ag), and zinc (Zn). Statis-
tical analyses were not carried out due to the limited number of samples
during the test period from 1972 through 1978. The range of values for heavy
metals is shown in Table 4-5, for Matagorda Bay, Tres Palacios Bay, Lavaca
Bay, Cox Bay and Keller Bay.

Accumulation of metals in bottom deposits may not be detectable in
overlying water samples, yet still exert an influence from time to time. Wind
and tide induced water movements, ship traffic and dredging activities are
some physical processes that can cause mixing of materials from the sediment
into the water; chemical changes resulting from seasonal temperature
fluctuations, oxydgenation, and respiration, can influence the rate of movement
and distribution of dissolved substances between water and sediment.
Microorganisms living on the bottom (benthos) also play an important role in
the circulation of metals by taking them up from the sediment, sometimes .
converting them to more toxic forms. Heavy metals in sediment and water may
pose a threat to edible shellfish such as oysters and crabs as these organisms
generally concentrate certain metals in their bodies when feeding in polluted
areas. Reduction in productivity in the area may be the result of toxic
effects of heavy metals upon organisms, and may have an ultimate effect on man
if he is exposed to heavy metals through edible fish and shellfish. Areas of
the Lavaca-Tres Palacios estuary may exceed U. S. EPA criteria for metals in
the sediment (prior to dredging) for the following constituents (Table 4-5}:
arsenic, cadmium, mercury, and zinc.

Herbicides and Pesticides

Samples of the bottom sediments in the Lavaca-Tres Palacios estuary were
collected through the USGS-TDWR cooperative program and analyzed for herbicide
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and pesticide concentrations (Table 4-6). From the 19 data collection sites, -
parameters - detected included aldrin; DDD; DDE; DDT; dieldrin; endrin; .
heptachlor; heptachlor expoxide; 2,4-D; 2,4,5-T; and silvex. Of these, only
the pesticides DDD, DDE, DDT, and dieldrin, were found at levels above or equal
to the detection limit of 0.2 pg/kg during the sampling periods from 1969 to
1974. Only 12 stations had data for these pesticides at levels above or equal
to the detection limit. Statistical analyses were not possible due to the
limited mumber of samples available.

Summary

Sources of freshwater inflow to the Lavaca—Tres Palacios estuary include
gaged inflows from the contributing rivers and streams; ungaged runoff; return
flows from municipal, industrial and agricultural sources; and, precipitation
on the estuary. Measurement of freshwater inflow adds to the understanding of
inflow timing and volumes and their influence on bay productivity. To compute
accurate inflow estimates, gaged stream flows required adjustment to reflect
any withdrawals or return flows downstream from gage locations. Ungaged runoff
was estimated by computerized mathematical models that were developed,
calibrated, and wverified using field data. Rainfall was estimated as a
distance-weighted average of the daily precipitation recorded at weather
stations surrounding the estuary.

Freshwater inflow, in terms of annual and monthly average values over the
1941 through 1976 period, varied widely from the mean as a result of recurrent
drought and flood conditions. On the average, the total freshwater inflow to
the estuary {1941-1976) consisted of: (1) gaged contributions from the Lavaca
Basin (16 percent), (2) a portion of the gaged inflow from the Colorado Basin
(34 percent), (3) runoff from urgaged areas (25 percent), (4) return flows from
ungaged areas (2 percent), and (5) direct precipitation on the estuary (23
percent}.

In general, the quality of gaged inflows to the Lavaca-Tres Palacios
estuary is good. None of the streams contributing to the estuary are in
violation of existing State/Federal stream standards., Detailed studies of past
water quality problems in and around the estuary have pinpointed heavy metals
as a significant concern near the major industrial sites. [ILocally, bottom
sediment samples have exceeded EPA dredge criteria (1974) for metals in sedi-
ments for arsenic, cadmium, mercury and zinc. Bottom sediments collected and
analyzed for herbicides and pesticides showed DDD, DDE, DDT, and dieldrin
occurring in local areas in concentrations equal to or greater than the
analytical detection limit during the period 1969 to 1974.

Basic hydrologic data described in this chapter (Chapter 1V) is used as
input to modeling studies discussed in Chapters V, VIII, and IX,
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CHAPTER V

CIRCULATION AND 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
constricted inlets or passes and in a few cases, through dredged navigable
channel entrances. While the tidal amplitude at the mouths of these estuaries
is nommally 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,
mixing and physical exchange are among the most important. These same factors
also affect the overall ecology of the waters, and the net result is reflected
in the benefits expressed in terms of the economic value derivable from the
waters. Thus, the descriptions of the tidal hydrodynamics and the transport
characteristics of an estuarine system are fundamental to the development-.of
any comprehensive multivariable concept applicable to the management of
estuarine water resources. Physical, chemical, biological and economic
analyses can be considered only partially oomplete until interfaced with the
hydrodynamic and transport characteristics of a given estuarine system.

The following sections of Chapter V will address the development and
application of the hydrodynamic, mass transport and marsh inundation models
used to evaluate the circulation and salinity patterns of the Lavaca-Tres
Palacios estuary.

Description of the Estuarine Mathematical Models

Description of Modeling Process

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

A mathematical model is a functional representation of the physical
behavior of a system or process presented in a form available for solution by



any acceptable method. The mathematical statement of a process consists of an
input, a transfer function and an output. The output from a given system or
conmponent of a system is taken to be related to the input or some function of
the input by the transfer function.

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

Numerical methods are well adapted to discretized systems where the
transfer functions may be taken to be time independent over short time inter—
vals. The development of high-speed digital computers with large memory
capacity makes it possible to solve the tidal equations directly by finite
difference or finite element techniques within a framework that is both effi-
cient and economical. The solutions thus obtained may be refined to meet the
demands of accuracy at the burden of additional cost by reducing the size of
finite elements and decreasing the time interval. 1In addition to the oon-
straints imposed on the solution method by budget constraints or by desired
accuracy, there is an optimum size of element and time interval imposed by
mathematical considerations which allow a solution to be obtained which is
mathematically stable, convergent, and compatible.

Mathematical Model Development

The mathematical tidal hydrodynamic and conservative transport models for
the Lavaca-Tres Palacios estuary have been developed by Masch (146). These
models are designed to simulate the, tidal and circulation 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 temporal histories of tidal amplitudes and flow. These are then used
as input to the conservative transport model to compute vertically averaged
salinities (or any conservative material) under the influence of wvarious
source salinities, evaporation, and rainfall. Both of these models have
"stand alone" capabilities although it must be recognized that the transport
model ordinarily cannot be operated unless the tidally generated oconvective
inputs are available.

Hydrodynamic Model. Under the assumption that the bays are vertically well-
mixed, and the tidally generated convection 'in either of the two area—wise
coordinate directions can be presented with vertically integrated velocities,
the mathematical characterization of the tidal hydrodynamics in a bay system
requires the simultaneous solution of the two-dimensional dynamic equations of
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DATA INPUT

GEOMETRY, BATHYMETRY,
INPUT TIDES, DEPTHS,
INFLOWS, DIVERSIONS,
RETURN FLOWS, WIND,
RAINFALL, EVAPORATION,
ROUGHNESS, CORIOLIS
ACCELERATION

HYD

TIDAL
HYDRODYNAMIC
MODEL

y

BASIC QUTPUT

TIDAL AMPLITUDES

COMPONENT TIDAL VELOCITIES

Y

A \

Yy

SAL

SALINITY
MODEL

Y

NET AVERAGE AVERAGE CIRCULATION
VELOCITIES DEPTHS VELOCITIES PLOTS
» ¥
y
DISPERSION -
COEFFICIENTS
Y : \
[ DATA INPUT

SOURCE CONCENTRATIONS
SOURCE LOCATIONS

GULF SALINITIES
EVAPORATION RATES

RAINFALL RATES

BASIC OUTPUT

SPATIAL SALINITY VARIATIONS
TEMPORAL SALINITY VARIATIONS

Figure 5-1. Relationship Between Tidal Hydrodynamic

and Salinity Models (146).
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motion and the unsteady continuity equation. In swmmary, the equations of
motion neglect the Bernoulli terms but include wind stresses and the Coriolis
acceleration, and can be written as:

Mg =-gd B - fgq. +KV 2os0 (1]
at qy ax 9y W

a3

%Y = - g N 2 o3

L+aq = 9day quy+KVw sin® [2]

The equation of continuity for unsteady flow can be expressed as

89 9%, 5
-—'E'{E'f', 8y+-5?=r—e [3]

where

horizontal Cartesian coordinates

time
vertically integrated x and y components of flow per unit
width, respectively (x and y taken in the plare of the surface
area)

acceleration due to gravity

water surface elevation with respect to mean sea level (msl) as
datum

total water depth (h-z)

bottom elevation with respect to msl

(ay >+ Qy %) ¥/ 2 = magnitude of flow per unit width
dimensionless bed resistance coefficient from the Manning
Equation
wind speed at a specified elevation above the water surface
angle between the wind velocity vector and the x-axis
dimensionless wind stress coefficient

Coriolis parameter = 2usind

angular velocity of the earth = 0.73 x 10—4 rad/sec
latitude = 28.5° for the Lavaca-Tres Palacios estuary
. rainfall intensity

evaporation rate.

Xy
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The numerical solution utilized in the hydrodynamic model of the Lavaca-
Tres Palacios estuary involves an explicit computational scheme where equa-
tions [11, [2], and [3] are solved over a rectangular grid of square oells
used to represent in a discretized fashion the physiography and various
boundary conditions found in this bay system (Figure 5-2). 'This explicit
formulation of the hydrodynam/ic model requires for stability a ocomputational
time step, At < 88/(2g8p54)Y %, where As is the cell size and dp i
is the maximum water depth encountered in the computational matrix. The
numerical solutions of the basic equations and the programming techniques have
been described previcusly (146).

The following data comprise the basic set for applying the tidal hydro—
dynamic model. Time varying data should be supplied at hourly intervals.
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Physicél 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 amd magnitude of all inflows and withdrawals from the estuary
. estimate of bottom friction

. wind speed and direction {opticnal)

. rainfall history {optional)

. site evaporation or coefficients relating surface evaporation to wind

speed,

Conservative Mass Transport Model. The transport process as applied to
salinity can be described through the convective—dispersion 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:

EXCd) B{qu) . B(qYC) _ 3
ot ox 3y ax

a(Cd)
X ax] * ‘c)y

where C is the tidally averaged sallm.ty or TDS concentration; Ex and
q are the net flows over a tidal cycle in the x and y directions, re-
spectively; Dy and are the oorresponding dlspersmn ooefficients eval-
uated at a scale representative of total tidal mlilng, and d is the
average depth over a tidal cycle. The term Ko, Cd is a first order
reactive term included to represent the bu11dup of concentration due to
evaporation from the bay surface, and K, is a ooefficient determined
volumetrically in accordance with methods described by Masch (146}, The
primary difference in the form of Equation [4] given above and that reported
previously (146), is that Equation [4] is written in terms of net flows per
foot of width rather than tidally averaged velocities.

8(Cd)] + K_Cd [4]

(D v oy o

[D

The numerical technique employed in the salinity model involves an alter-
nating direction implicit (ADI) solution of Equation [4] applied over the same
grid configuration used in the tidal hydrodynamic model to determine the net
flows and tidally averaged depths. Because of its implicit formulation the
ADI solution scheme is unconditionally stable and there are no restrictions on
the computational time step, At. However, to maintain accuracy and to mini-
mize round-off and truncation errors, a condition oorresponding to
M/0S 2% < 1/2 was always maintained throughout this work. Details of the
numerical solution of Equation [4] and programming techniques have also been
previously described by Masch (146).

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.

Marsh Inundation Model. The marsh inundation model, DELTA, is a one—dimen-
sional mathematical model capable of simulating basic hydrologic and nutrient
transport characteristics in a deltaic system., DELTA is adapted to simulate
single events such as low-flow periods, high tides, flood events (or any type
of related event) with a duration of less than 22 days. Through the
application 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 models, a hydrodynamic submodel, HYDELT, and a
mass—transfer submodel, MIDELT.

(1) HYDELT. For the calculation of tides in estuaries and tidal rivers,
HYDELT assumes that all flow momentum is concentrated in the longitudinal
component of the channel and that when inundated, the floodplain serves
principally as volume storage and carries relatively 1little longitudinal
momentum. Neglecting Coriolis acceleration and surface wind-stress, the
governing equations are the oonservation of longitudinal momentum and contin-
uity for one-dimensional tidal flows:

30 a Q, OH , gn? QJQJ _
() + B+ =0 (11
ot ox 222AR/3
and
Q
3H . 1 3Q *f _
® B A C 2]

In equations [1] and [2], Q is the flow in the coonveyance channel; A is the
cross-sectional area of the wonveyance channel; H is the water level; R is the
hydraulic radius; n is Manning's roughness parameter; B is the lateral width;
Ag 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 whereby water depths, inundated surface areas, and lateral channel
discharges are determined at the center of each segment, while 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
hyperbolic systems, such as those described by Equations [1] and [2], so long
as At < (Ax/c); where At is the solution time step, and ¢ is the maximum
phase velocity of a wave. :

1/ ¢ is approximated as (gD)Y2 + U, where D is water depth and U is the
local water velocity.
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Figure 5-3. Definition of Variables in Cross Section (44).
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Figure 54, Definition of Finite-Difference Segmentation
for Hydrodynamic Model (44).
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(2) MIDELT. The mass-transfer submodel MTDELT used in conjunction with
the hydrodynamic submodel simulates the influence of exchange rates on
nutrient levels in the deltaic system. MIDELT can simulate organic nitrogen,
ammonia, nitrite, nitrate, total phosphorus, total carbon and two species of
algae.

MTIDELT uses the one—-dimensional mass continuity equation:

1 3 1 3 1 3 aCc |, +
TS (aC) + % 3% (AUC) T (AEL—B—)E)— S [3]

In Equation [3], C is the oonstituent concentration; Ep is the longitudinal
dispersion oocefficient, 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 hydro-
dynamic submodel, HYDELT, was calibrated and validated for both the Lavaca and
Colorado River deltas by Hauck, Ward, and Huston (44) and Sullivan and Hauck
{45). Only the Colorado delta possessed characteristics which prohibited a
straightforward application and analysis of results.

Lavaca River Delta. The system boundaries and segmentation schematic
utilized for the Lavaca delta are presented in Figure 5-5. The upstream
and downstream system boundaries are selected in accordance with model
specifications, the availability of tide records for Lavaca Bay, and
availability of flow data for the Lavaca and Navidad Rivers. Tidal
records are supplied by a oontinuous recording tide gage near Point
Comfort (081661825), while the freshwater inflows are derived from two
U. S. Geological Survey (USGS) streamflow gages, the Lavaca Rivér gage
near Edna (08164000} and the Navidad River gage near Ganado (08164500).
Additional data have been cbtained from two USGS continuous recording
tide gages located in the delta area, one near Vanderbilt (08164555) and
one near Lolita (08164530).

An initial series of low-flow calibration simulations were performed ap-
plying tide and flow data for the period February 25 through March 10,
1975 (see example result, Figure 5-6). These simulations demonstrated
the model's ability to satisfactorily reproduce water surface elevations
at the two independent tide gages (not used as input data) for conditions
of constant freshwater inflow and normal tide ranges. _

Three flood cases encompassing both normal and high driving tides, as
well as the daily tidal fluctuations, were simulated utilizing data from
June and November 1974, and May and June 1975. HYDELT was able to
adequately reproduce, in all but one case, both phase and amplitude
variations at the Vanderbilt and Lolita gages throughout the simulation
periods (44). '

Colorado River Delta. The mouth of the Colorado River and Tiger Island
Cut are constantly being modified through geomorphological forces, in—
cluding freshwater inflows, tides, sedimentation/erosion, and long-shore




Figure 5-5. Deltaic Systems Boundaries of the Lavaca Delta (44).
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drift. Such a system does not lend itself to a generalized modeling
approach, thus requiring special -consideration.

A map of the Colorado River delta showing system boundaries selected for
modeling purposes is presented in Figure 5-7. The modeling system is
driven by three separate tides, two of which are related through simple
phase and amplitude variations. HYDELT required the addition of a new
subroutine to accomodate the third driving tide, East Matagorda Bay,
which is unrelated to the Matagorda Bay and Gulf of Mexico tides.

Two inflow cases were selected to calibrate and validate HYDELT for the
Colorado River delta. Calibration periods selected were May 18-26, 1977
and July- 20-28, 1977, differing principally in the magnitude of Colorado
River flow. The average flow recorded in May 1977 was 5,510 ft3/sec
(156 m3/sec) while that recorded in July 1977 was 1,400 ft3/sec (40
m3/sec)'. Comparison of simulated and observed water surface elevations
throughout the delta were in close agreement for both calibration cases
(Figures 5-8 and 5-9). Comparison of simulated and observed flows at
Tiger Island Cut over these periods showed considerable variance. In-
spection of the cbserved flow profiles suggested the presence of bi-
directional flow, whereas HYDELT is predicated upon the assumption of
unidirectional flow. Comparison of the simulated and observed (time—
averaged) net flow through the cut yielded very good agreement, so that
HYDELT can be considered calibrated for water surface elevations and
time-averaged net flows ({Figures 5-10 and 5-11) in the Colorado River
delta.

A single flood event on the Colorado River was selected for validation
similations with HYDELT for a flow peak of 49,100 ft3/sec (1,375
m3/sec) and a duration of 18 days. The driving tides in Matagorda Bay
and the Gulf of Mexico appeared semidiurnal early in the simulation
period, changing to diurnal during the remainder of the period.
Comparison of simulated and observed water surface elevations at
Matagorda (Figure 5-12) and above Tiger Island Cut (Figure 5-13) demon-
strated good correlation of both phase and amplitude. The simulated
surface profiles at Matagorda were only slightly under the observed;
whereas, the predicted profiles above Tiger Island Cut were in near
perfect agreement. Therefore, HYDELT can be oonsidered adequately
validated with respect to water surface elevations as well as ret flow.

Application of Mathematical Models, Lavaca-Tres Palacios Estuary .

gydrodynalﬁic and Mass Transport Models

The computational grid network used to describe the Lavaca-Tres Palacios
estuary is illustrated in Figure 5-14. The grid is superimposed on a map
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
approximately parallel to the ooastline, and the y-axis extends far enough
landward to cover the lower reaches of all freshwater sources to the bay. The
cell size (one square nautical mile) is based on (1) the largest possible
dimension that would provide sufficient accuracy, (2) the density of available
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Figure 5-11. Simulated Flow at Tiger Island Cut,

July 20-28, 1977 (45).
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Figure 5-14. Schematic Computational Grid, Lavaca-Tres
Palacios Estuary (146).
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field data, and (3) computer storage requirements and computational time.
Similar reasoning is used in selection of the computational 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 5-14, cells are numbered with the indices 1 < i < IMAX =33 and 1 < j <
JMAX = 32, With this arrangement, all model parameters such as water depths,
filows in each ooordinate direction, bottom 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 oconductance or
total dissolved solids, T0S) throughout the estuary and at each inflow source.
Such a compilation of data for a specified period of time is referred to as a
"data package." Through successive applications of the model to several
independent data packages, the model is calibrated and verified. Data pack-
ages necessary for the calibration and verification of the estuary models are
obtained through a cooperative program with the U, S. Geological Survey.
Especially important are the two comprehensive data collection efforts con—
ducted in the estuary during March 1971 and October 1972.

The initial calibration and verificaton of the Lavaca-Tres Palacios
estuary models is reported by Masch (146). A representative sample of the
results of the final calibration of the models using data obtained during the
October 1972 field study are presented in Figures 5-15 to 5-17 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 1971 through 1974.
The four-vear period was divided into 37 coonsecutive hydrologic se-
quences/ . 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 reascnable agreement with
observed data (Figures 5-18 to 5-23). Perfect agreement could not he expected
since the simulated results represented average salinity oconditions for the
time period covered by the hydrologic sequence while 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 Tnundation Model

Studies were performed on the Lavaca and Colorado River deltas in an ef-
fort to delineate flow distribution patterns and establish areas that would be

1/ A hydrologic sequence is defined as a time period for which the daily in-

" flow 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 when compared to the magnitude of the mean daily flow.
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Figure 5-15. Comparison of Observed and Simulated Tidal Elevations,
Lavaca-Tres Palacios Estuary, October 17-18, 1972
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Figure 5-16. Comparison of Observed and Simulated

Flows, Lavaca-Tres Palacios Estuary,
October 17-18, 1972—Continued
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Figure 5-18. Comparison of Qbserved and Simulated
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subject to the previously defined inundation criterion of 0.5 feet (0.15 m) of
depth for 48 consecutive hours.

Lavaca River Delta. In the Lavaca 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. Six Lavaca
River flood events of varying magnitude and duration were selected from
historical records obtained at the USGS Ganado (08164500) and Edna (08164000)
flow gages (Table 5-1). In addition, two independent tide records from the
USGS Lavaca Bay gage (08164825) were selected which corresponded to average or
normal tides. Each of the six flood cases were simulated with both a high and
normal driving tide in an effort to differentiate portions of the delta that
would be inundated as a result of high flows, and to differentiate areas which
would be inundated as a result of the interaction of high freshwater inflows
and high tidal activity.

Driven by normal tides, studies indicate that inundation of the Lavaca
River delta below the oconfluence of the Lavaca Rlver and Navidad Rivers did
not occur for flows of 13,000 £t3 /sec (364 m /sec) or below. Inundatlon
does not occur anywhere in the delta for flows of 6,430 ft /sec (180
m /sec) or less. For high tides, simulations predict mundatlon in the
Menefee Lake, Redfish Lake, and Swan Lake areas, as well as a larger portlon '
of the lower delta for each of the flood peaks simulated. Inundation in the
area of Venado Lake appears to be tide dominated; during an extreme flood
event, the area was not flooded by normal tides, while during low freshwater
inflows and higher tides, inundation did occur (Figure 5-24). As a result of
these studies, curves are developed relating the percentage of marsh area
inundated to a function of flow, for both normal and high tides. These
results are presented in Figure 5-25, :

Colorado River Delta. Management of the ocomplex system of variables which
describe the flow patterns within the Colorado delta is expedited through the
utilization of specific scenarios and simplifying assumptions. The simulated
results obtained from the application of such assumptions and system simplifi-
cations are less precise than those obtainable if each variable is investi-
gated separately; however, it appears that overall trends of such an analysis
are discernable and the absolute values generated are of sufficient resolution
to result in an adequate analysis.

The first assumption is that the oonfiguration and related cross-
sectional area of the mouth of the Colorado River vary with the freshwater
inflow. It is assumed to decrease in cross-sectional area over extended low
flow periods and degenerate to almost total closure with increased siltation
from Gulf tides and low freshwater flow velocities. Insppctlon of historical
cross—section data assembled by the U. S. Army Corps of Engineers, supports
this assumption; however, the rate of closure due to. the sediment deposition
and the rate of sediment scour at elevated flows are unknown.

The second assumptlon concerns the status of the navigation locks located
on the Gulf Intracoastal Waterway (GIWW) east and west of the Colordo River at
Matagorda (open or closed). The locks are generally closed when river velo—
cities reach approximately 3-4 ft/sec (1 m/sec). For the cross—sectional
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Table 5-1. Hydrograph Peaks for DELTA Simulation Model

.
-

UsSGS, 08164000 USGS, 08164500 Total : Date of
Lavaca River : Navidad River : ft3/sec : Occurrence
Maximum s Maximum : :
ft3/sec : ft3/sec :
1,060 1,810 2,870 April 6-14, 1973
3,260 3,170 6,430 July 6-14, 1973
5,700 3,820 9,130 May 7-14, 1975
4,060 9,040 13,100 May 8-27, 1974
14,000 10,700 24,700 October 10-30, 1973
31,800 12,700 44,500 September 11-21, 1974
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Segmentation Cells

Inundation as a Result of Tides

Inundation as a Result of Floods

Figure 5-24. Lavaca Delta System Showing Inundation Areas
[base adapted from Espey Huston & Assoc. Inc. (44)].
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configuration used in this modeling effort, such velocities will occur at a
flow of roughly 5,000 ft3/sec {140 m3/sec); therefore, it is assumed that
the navigation locks were closed for all Colorado River flows greater than or
equal to 5,000 ft3/sec. The lock oonfiguration at Matagorda strongly
influences water surface elevations and net flows at Tiger Island Cut.

Given the assumptions stated above, three scenarios should represent the
deltaic flow patterns under all anticipated Colorado River mouth and naviga—
tion lock conditions,

The three scenarios are:

Scenario 1. Colorado River flows range from 250 to 1,000 ft3/sec (7 to
28 m3/sec); low flow conditions have persisted for some time, and the
mouth of the Colorado River is silted closed with respect to mean tidal
elevations, but becomes periodically inundated on the flood tide; the
average bed elevation is +0,3 ft. (+0.1 m) MSL and the average channel
width is 100 ft. (30 m).

Scenario 2. Colorado River flows range from 1,100 to 4,900 ft3/sec (31
to 137 m3/sec); the mouth of the river has been maintained partially
open by the downstream momentum; the average bed elevation is -0.3 ft.
(-0.1 m) MSL and the average channel width is 250 ft. {75 m); the naviga-
tion locks at Matagorda are open.

Scenaric 3. Colorado River flows vary from 5,100 to 10,000 ft3/sec
(143 to 2,800 m3/sec); the river mouth is completely open; average bed
elevation is -4.5 ft. MSL (-1.3 m) and average channel width is 450 ft.
{135 m); the navigation locks at Matagorda are closed.

Reliable flow verification data were available for portions of the first
scenario, but were mot available for Scenarios 2 and 3. The driving tides for
each of the above scenarios remained the same and were oonstructed from ob-
served tide gage data obtained from tide gages located in Matagorda Bay and
East Matagorda BRay during the period October 13-19, 1972, The tides were
consistent with the typical tidal elevations observed at these locations for
the season. The 1972 tide was selected to ooincide with available flow data
collected during the same period at Tiger Island Cut, The 1977 data for East
Matagorda Bay were utilized because recorded data for 1972 were unavailable
for that location.

The results of the flow relationships within the Colorado delta are
presented in three parts: (1) flow trifurcation at the junction of the
Colorado River and GIWW, (2} flow diverted through Tiger Island Cut, and (3)
flow through Culver Cut. The sensitivity analyses performed with this model
demonstrate the strong influence of the Matagorda Bay and East Matagorda Bay
tidal aligmments on flow patterns throughout the delta (45). Since the tides
of Matagorda Bay and East Matagorda Bay appear to be unrelated, the modeling
results must be viewed as indicative of this tidal alignment only. The
results are not absolute and may vary slightly for differing tidal align-
ments.
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The interaction of the Colorado River and the GIWW at Matagorda for
Scenarios 1 and 2 is demonstrated in Figure 5-26. At low river flows, with
river mouth oonstrictions {Scenario 1), the flows in the Colorado River
indicate that from 10 to 100 percent of this increase can be directly
attributed to circulation patterns removing water from East Matagorda Bay,
depending on the magnitude of river flow. Moderate river flows, with their
accompanying increased river mouth cross—-sectional area (Scenario 2), tend to
contribute water to the GIWW at rates up to 40 percent of the river flow; the
greater the Colorado River flow, the greater the diversion at the GIWW.
Throughout Scenario 3 the exchange between the Colorado River and the GIWW
will be negligible because the navigation locks were closed.

At Tiger Island Cut the interactions of river mouth geomorphology,
recirculation patterns, and navigation lock positioning are not so easily
discernable, In attempting to develop a relationship between flow through
Tiger Island Cut and flow in the Colorado River above Tiger Island Cut, the
three simulation scenarios have yielded three distinct curves. As flow
increased for each scenario, the percentage diverted through Tiger Island Cut
increases. With the increased flow, however, the average <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>