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ABSTRACT: Three models are combined to investigate the effects of changes in environmental conditions on the 

population structure of the Eastern oyster, Crassostrea vrginica. The first moadel, a time-dependent model of the oyster 
population as described in Powell et al. (1992, 1994, 1995a,b, 1996, 1997) and Hofmann et al. (1992, 1994, 1995), tracks 
the distribution, development, spawning, and mortality of sessile oyster populations. The second model, a time-dependent 
larval growth model as described in Dekshenieks et al. (1993), simulates larval growth and mortality. The final model, a 
finite element hydrodynamic model, simulates the circulation in Galveston Bay, Texas. The coupled post-settlement-larval 
model (the oyster model) runs within the finite element grid at locations that include known oyster reef habitats. The 

oyster model was first forced with 5 yr of mean environmental conditions to provide a reference simulation for Galveston 

Bay. Additional simulations considered the effects of long-term increases and decreases in freshwater inflow and tem- 

perature, as well as decreases in food concentration and total seston on Galveston Bay oyster populations. In general, 
the simulations show that salinity is the primary environmental factor controling the spatial extent of oyster distribution 
within the estuary. Results also indicate a need to consider all environmental factors when attempting to predict the 

response of oyster populations; it is the superposition of a combination of these factors that determines the state of the 

population. The results from this study allow predictions to be made concerning the effects of environmental change 
on the status of oyster populations, both within Galveston Bay and within other estuarine systems supporting oyster 
populations. 

Introduction 
The annual harvest of Eastern oysters, Crassostrea 

virginica, from Texas bays fluctuates considerably 
from year-to-year. These fluctuations cannot be at- 
tributed to any single cause (Hofstetter 1990) but 
rather result from the influence of both biological 
and environmental processes. Studies investigating 
the cumulative impacts of both biological and en- 
vironmental processes, as they contribute to chang- 
es in community structure, are not common (Mill- 
er 1983). For a commercially important bivalve 
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partment, Earth and Marine Sciences Building, 1156 High 
Street, University of California Santa Cruz, Santa Cruz, Califor- 
nia 95064; tele: 831/459-4632; fax: 831/459-4882; e-mail: 
margaret@es.ucsc.edu. 

population, like the Eastern oyster, identifying and 
quantifying the processes leading to changes in 
population structure would provide a better un- 
derstanding of the system, and form a basis for ef- 
ficient management of the fishery. Thus, the pri- 
mary goal of this paper is to quantify the effects of 
variations in environmental factors on Eastern oys- 
ter populations. This study is focused specifically 
on Galveston Bay, Texas (Fig. 1), which supports a 
large fishery for the Eastern oyster. 

The approach taken in this study is to use a cou- 
pled post-settlement-larval model (the oyster mod- 
el), and a circulation model to simulate the effects 
of environmental variability on the population 
structure of the Eastern oyster. The first model, a 
time-dependent post-settlement model, simulates 
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Fig. 1. Location map showing Galveston Bay, Texas and the 
geographic points referred to in the text. 

the growth, reproduction, and mortality of the 
benthic phase of the oysters' life history. Sub-mod- 
els associated with the post-settlement model in- 
clude a time-dependent model of the net growth 
and transmission of the parasite, Perkinsus marinus, 
a model of the predatory effects of crabs and snails 
on the oyster population, and a model that pro- 
vides estimates of the competitive effect of mussels 
on oyster food supply. The second model, a time- 
dependent larval model, simulates larval growth 
and mortality during the planktonic larval phase. 
The final model is a three-dimensional circulation 
model developed by the U.S. Army Corps of En- 
gineers for Galveston Bay, Texas. The circulation 
model provides current velocity and salinity distri- 
butions on a finite element grid that was used to 
represent the Bay geometry. Element-averaged 
flow and salinity, obtained from the circulation 
model, are input to the post-settlement model. The 
element-averaged salinity is input to the larval 
model. The post-settlement model runs within 
each grid element that contains oyster reef, and 
the larval model is operative within those grid el- 
ements where there is a viable spawn. The post- 
settlement and larval models also use as inputs Bay- 
wide measurements of monthly-averaged food and 
total seston distributions, and an hourly-averaged 
temperature time series. 

In the following section the post-settlement 
model, the larval growth model, the circulation 
model, and the environmental data sets which 
force the simulations are described. Next, simula- 
tions are presented in which the effects of year-to- 
year changes in environmental conditions on the 

Fig. 2. Schematic of the linkages between the post-settle- 
ment, larval, and circulation models, and the relevant environ- 
mental processes. 

oyster population are investigated. Finally, a dis- 
cussion and a comparison of the impacts of envi- 
ronmental change on the oyster population are 
presented. 

Methods 
THE OYSTER MODEL 

Post-Settlement Model 
The time-dependent post-settlement model (Fig. 

2) simulates the benthic phase of the oysters' life 
cycle. In the post-settlement model, the oysters' life 
history is represented by eleven size classes. Juve- 
niles are those oysters in size classes one, two, and 
three, measuring from 0.3 to 50 mm in length. Ju- 
veniles are incapable of reproduction, therefore all 
net production is channeled into growth. Adults 
are those oysters in size classes four through elev- 
en, measuring from 50 to 150 mm in length. In 
the adult phase of development, net production 
may be divided between growth and reproduction. 
The governing equation for the post-settlement 
population model is written as: 

dOj 
dt = Pgj + Prj + jj - e ij + \jOj+ 

- IljOj-l - mortalityj (1) 

where j = 1 to 11, and the coefficients oj, Ej, Xj, 
and Izj represent the rate at which transfers occur 
between size classes. 

Equation 1 gives the time (t) change in oyster 
biomass (expressed in joules) in each size class. 
The first and second terms on the right side of Eq. 
1 represent the formation of somatic (Pgj) and re- 
productive (Prj) tissue, respectively. These terms 
represent the apportionment of net production, 
which is determined by the difference in assimilat- 
ed ingestion and respiration (Hofmann et al. 
1992). The third and fourth terms represent pos- 
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itive scope for growth, where individuals grow into 
the next largest size class. The fifth and sixth terms 
represent a negative scope for growth, where in- 
dividuals lose biomass and are transferred into the 
next lowest size class. Positive scope for growth oc- 
curs in times of ample food supply and favorable 
environmental conditions. In turn, negative scope 
for growth occurs during the winter season when 
gonadal material is re-absorbed during periods of 
unfavorable environmental conditions, or in the 
presence of abundant competing filter feeders 
(mussels) (Arakawa 1990). The final term repre- 
sents mortality of juvenile and adult oysters. This 
term represents mortality due to parasitism by P 
marinus, predation by crabs and oyster drills, and 
extremes in environmental conditions. 

A more detailed description of the post-settle- 
ment model can be found in Powell et al. (1992, 
1994, 1995a,b) and Hofmann et al. (1992, 1994). 
Detailed descriptions of the incorporation of P. 
marinus into the post-settlement model can be 
found in Hofmann et al. (1995) and Powell et al. 
(1996). Detailed information on the inclusion of 
competing filter feeders into the post-settlement 
model can be found in Powell et al. (1995b). Ad- 
ditionally, more information on the application of 
predation by crabs and oyster drills to the post- 
settlement model can be found in Powell et al. 
(1997). 

Larval Model 
The larval model is designed to simulate the de- 

velopment of oyster larvae through the planktonic 
period of the oysters' life history (Fig. 2). Oyster 
larvae are roughly 65 ,um in diameter after fertil- 
ization and grow to a length of roughly 335 pxm 
(Stafford 1913) at which time they are competent 
to settle into the benthic oyster community. The 
governing equation for each larval size class is giv- 
en by: 

dLi 
dt = aiLi_1 - 

PiLi+1 
- Li (2) 

dLi/dt represents the time rate of change of the 
number of larvae in a particular size class, i. The 
first two terms on the right side of Eq. 2 represent 
larval growth. The number of larvae of a particular 
size changes by growth of new individuals from the 
previous size (Li_l) and the loss of individuals to 
the next largest size (Li+l). The coefficients, a and 
P represent the rates at which these transfers oc- 
cur. yiLi represents the loss of larvae to mortality. 
The larval mortality term includes the primary 
sources of larval mortality: failure for the egg to be 
fertilized, the effect of siltation on eggs and the 
earliest larval stages, inherent genetic variability of 
the larvae, extremes in environmental factors, the 

inability to find adequate reef at the time of meta- 
morphosis, loss during metamorphosis, and pre- 
dation, which is the closure term. These various 
sources of mortality for oyster larvae are described 
in detail in Dekshenieks (1996). A detailed descrip- 
tion of the larval growth model is found in Dek- 
shenieks et al. (1993). 

THE CIRCULATION MODEL 

A three-dimensional finite element circulation 
model was developed for Galveston Bay, Texas and 
the surrounding offshore region by the U.S. Army 
Corps of Engineers at the Waterways Experiment 
Station in Vicksburg, Mississippi (King 1985). The 
circulation model calculates element-averaged wa- 
ter velocities and element-averaged salinities, 
which are output at 15 min intervals. The element- 
averaged water velocities obtained from the circu- 
lation model are input to the post-settlement mod- 
el, and the element-averaged salinities obtained 
from the circulation model are input to the post- 
settlement and larval models. 

With a finite element approach, the region be- 
ing modeled is subdivided into a number of sub- 
regions known as elements. These elements are de- 
fined by their nodal points which are located along 
the sides of elements. Small elements result in fine 
resolution, which is necessary where depths and 
velocities vary the most significantly (King 1985). 
A major advantage of using the finite element 
method in estuarine systems is the ability to inde- 
pendently assign elements of variable resolution 
and place nodes at arbitrary locations. The domain 
of the finite element circulation model extends 
over Galveston Bay, its tributaries, and the near- 
coastal shelf region. The equations governing the 
circulation distributions include the momentum 
equations, the volume continuity equation, and the 
advection-diffusion equation for salinity transport 
(King 1985). Energy is input to the circulation 
model at the surface by wind stress, which is as- 
sumed to be constant over the Bay, and energy is 
removed at the bottom of the circulation model 
domain by bottom friction. 

Yearly-averages of salinity (Fig. 3a) output from 
the circulation model for a mean year show that 
the areas of lowest salinities, averaging 5.5%o, are 
in the northern section of Galveston Bay, as well 
as near the outflow of the Trinity River which in- 
troduces over 75% of the freshwater into the Bay 
(Table 1). The areas of highest salinities, averaging 
18.7%o, are located to the west of the ship channel 
primarily near the West Bay area. West Bay is iso- 
lated from direct freshwater inflow and is exposed 
to inflows of the more saline water from the Gulf 
of Mexico through San Luis and Bolivar Roads tid- 
al passes. The areas of lowest flow rates (Fig. 3b), 
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Fig. 3. A) Simulated yearly-averaged salinities (%o) and B) flow velocities (m s-') obtained from the circulation model using mean 
environmental conditions. C) Yearly-averaged food concentration (mg AFDW 1-1) and D) total seston (g dry weight 1-1) obtained 
from the Bay-wide observational program described in the text. 

averaging 0.04 m s-1, are located farthest from the 
influence of the ship channel and in areas where 
the Bay geometry restricts water exchange. The re- 
gions of highest flow rates, averaging 0.12 m s-1, 
include the lower Houston Ship Channel and the 
areas which border the channel near the entrance 
of the Bay. 

ENVIRONMENTAL INPUT 

The oyster model was first forced with 5 yr of 
mean environmental conditions to provide a ref- 
erence simulation for Galveston Bay. Additional 
simulations considered the effects of long-term in- 
creases and decreases in freshwater inflow, long- 
term increases and decreases in temperature, as 
well as decreases in food concentration and total 
seston on Galveston Bay oyster populations. The 
time series of environmental data used to force 
each of these simulations are discussed below. 

Freshwater Inflow 

Simulations with the oyster model were designed 
to simulate the effects of three consecutive years 
of increased freshwater inflow and three consecu- 
tive years of decreased freshwater inflow on the 
population structure of the oyster. Forty-seven 
years (1941-1987) of freshwater inflow data from 
the Galveston Bay system supplied by the Texas Wa- 
ter Development Board were used to calculate the 
freshwater inflow time series that are inputs for the 
circulation model. The ten years having the lowest 
monthly mean inflows were averaged, and the re- 
sultant time series was considered to be represen- 
tative of a low freshwater inflow year. The ten years 
having the highest monthly mean inflows were av- 
eraged, and the resultant time series was consid- 
ered to be representative of a high freshwater in- 
flow year. The remaining twenty-seven years of 
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TABLE 1. Yearly-averaged minimum and maximum in environmental conditions used in the respective simulations. Values that do 
not vary from those used in the reference simulation are indicated by -. 

Salinity Flow Rate Food? Food' Turbidity" Turbidity Temp 
(%o) (m s-1) (mg AFDW 1-1) (mg AFDW 1-1) (g 1-l) (g 1-l) (?C) 

Reference 
Low 5.5 0.04 1.6 1.5 0.10 0.06 20.2 
High 18.7 0.12 2.2 2.1 0.14 0.10 20.2 

High Freshwater Inflow 
Low 2.6 - - - 

High 15.3 - - - 

Low Freshwater Inflow 
Low 11.3 - - - 

High 23.3 --- -- 

High Temperature 
Average -.- 22.8 

Low Temperature 
Average - - - - - - 17.9 

Decreased Food 
Low - - 1.4 1.3 - - 

High - - 2.0 1.9 - - 

Decreased Turbidity 
Low - - - - 0.06 0.02 
High - - 0.10 0.06 - 

0 Values supplied to the oysters. 
1 Values supplied to the larvae. 

mean monthly inflow data were averaged to create 
a mean freshwater inflow time series (Fig. 4a). In 
the increased freshwater inflow simulation the sa- 
linity decreases an average of 3%o Bay-wide, while 
the magnitude of the flow rate remains un- 
changed. In the decreased freshwater inflow sim- 
ulation the salinity increases by an average of 5%o 
Bay-wide, and again, the magnitude of the flow 
rate remains unchanged (Table 1). 

Temperature 
Temperature values which are input to t4e oys- 

ter model are derived from hourly air temperature 
measurements recorded at Houston International 
Airport, which are available from the National Cli- 
matic Data Center. In all simulations these tem- 
perature values are applied uniformly across the 
Bay system, with a 1-h resolution. 

Simulations were designed to simulate the ef- 
fects of three consecutive years of high tempera- 
ture and three consecutive years of low tempera- 
ture on the population structure of the oyster. 
Eighteen years (1970-1987) of air temperature 
data were examined to obtain a mean temperature 
time series for Galveston Bay. From these eighteen 
years, 1984 was identified as a year with moderate 
temperatures. This provided a reference for cal- 
culating high and low temperature time series. The 
average monthly variances were added to the 1984 
data to construct the high temperature data set, 

and subtracted from the 1984 data to construct the 
low temperature data set. The winter temperature 
variances used to construct the high and low tem- 
perature time series were on the order of 3.75?C, 
while the summer variances were on the order of 
0.95?C (Fig. 4b). For simulations with mean values 
the average Bay temperature is 20.2?C. The average 
temperature for the high temperature simulation 
is 22.8?C and that for the low temperature simu- 
lation is 17.9?C (Table 1). 

Food 

Thirty-two representative sites in Galveston Bay 
were monitored for food concentration at monthly 
intervals for a year (Powell et al. 1995b). Samples 
were drawn by a peristaltic pump from 6 inches 
above the bottom of the Bay, as well as from the 
surface. Following collection, 250 ml of these sam- 
ples were then filtered in the laboratory and chlo- 
rophyll analysis was performed. Chlorophyll values, 
in tLg chl a 1-1, were later converted to mg AFDW 
1-1 as described by Wilson-Ormond et al. (1997). 
The chlorophyll values input to the model were 
supplemented to include non-chlorophyll food us- 
ing the correction of Soniat et al. (1998): 

Fm = 0.088 X chl a + 0.52 (3) 
where chl a is chlorophyll a in ILg chl a 1-1. The 
food concentration, Fm, supplied to oysters in the 
model is based on the near-bottom chlorophyll 
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Fig. 4. A) Freshwater inflow (m3 mo-1) time series used with the Galveston Bay circulation model; low freshwater inflow time 
series (dashed line), mean freshwater inflow time series (solid line), high freshwater inflow time series (dotted line). B) Temperature 
(?C) time series that was used as input to the oyster-circulation model; low temperature time series (dashed line), moderate temper- 
ature time series (solid line), high temperature time series (dotted line). C) Food availability (mg AFDW 1-1) time series that was 
used as input to the oyster-circulation model for the simulation in which food concentration declined. D) Total seston (g dry weight 
1-1) time series that was used as input to the oyster-circulation model for the simulation in which total seston declined. 

measurements. The food concentration supplied 
to larvae is the average of surface and near-bottom 
chlorophyll measurements. Because the observed 
food concentrations at the surface are lower than 
the food concentrations near-bottom, the Bay-wide 
larval food availability is 0.1 mg AFDW 1-1 lower 
than that for oysters on average, but follows a sim- 
ilar spatial pattern. Measured food values are input 
to the model in monthly increments and interpo- 
lated to 1-h intervals. 

The areas of high food availability for oysters, 
averaging 2.2 mg AFDW 1-1, are located to the east 
of the Houston Ship Channel (Fig. 3c). The areas 
of low food availability to oysters, averaging 1.6 mg 
AFDW 1-1, are located within or to the west of the 
Houston Ship Channel (Fig. 3c). 

A simulation was designed to calculate the effect 
of a three year decrease in food concentration on 
the structure of the oyster population. For this sim- 
ulation the rate of decrease in food supply was as- 
sumed to follow the rate of decrease derived by 
Powell et al. (1995a) from observations found in 
Ward and Armstrong (1992) for Galveston Bay 
which is of the form: 

F = Fm- c X Fm (4) 

where food supply, F, is calculated from the mea- 
sured food value, Fm. The measured food value is 

assumed to decline by a constant fraction, c, which 
has the value of 0.00014 mg AFDW 1-1 d-1. On 
average, by the fifth year of simulation the food 
concentration available to oysters and larvae drops 
by 0.2 mg AFDW 1-1 Bay-wide (Table 1; Fig. 4c). 

Total Seston 

Thirty-two representative sites in the Bay were 
monitored for total seston at monthly intervals for 
a year (Powell et al. 1995b). Samples were drawn 
from six inches above the bottom and from the 
surface. Total seston concentrations were deter- 
mined by oven drying the samples (90?C for 2 h), 
weighing the dried samples, and subtracting the 
weight of the filter (Wilson-Ormond et al. 1997). 
The monthly measured seston values are input to 
the model and interpolated to 1-h intervals. 

The total seston in Galveston Bay consists pri- 
marily of suspended sediment and refractive detri- 
tal material (Wilson-Ormond et al. 1997). The to- 
tal seston affecting the larval simulations is the av- 
erage of surface and near-bottom measurements. 
Because the observed seston levels at the surface 
are lower than the seston levels near-bottom, the 
Bay-wide seston concentration affecting larvae is 
lower than that affecting oysters by 0.04 g 1-1. The 
total seston level supplied to oysters was derived 
from the near-bottom samples. With the exception 
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of the Pelican Island Embayment, the areas of high 
total seston affecting oysters in Galveston Bay fall 
to the east of the ship channel. These areas have 
seston levels that average 0.14 g 1-~. The areas of 
low total seston, averaging 0.07 g 1-1, are in the 
northern reaches of, or to the west of the Houston 
Ship Channel (Fig. 3d). 

The effect of a three-year decrease in total seston 
on the oyster population was simulated. The rate 
of decrease in total seston was assumed to follow 
the decrease derived by Powell et al. (1995a) from 
observations found in Ward and Armstrong 
(1992). A regression on this total seston data re- 
sulted in the following: 

S = Sm - d X Sm (5) 

where seston level, S, is calculated from the mea- 
sured seston value, Sm, which is assumed to de- 
cline by a constant fraction, d, with the value of 
5.56 X 10-5 g 1-1 d-1. On average, by the fifth year 
of simulation this decrease drops/Bay-wide seston 
levels by 0.04 g 1-1 (Table 1; Fig. 4d). 

Substrate 
The areal expanse of all significant reefs in the 

Galveston Bay system was determined during an 
intensive mapping program (Powell et al. 1996). 
The survey method employed an acoustic profiler 
for the identification of reef, a fathometer for as- 
sessing bottom relief, and a global positioning sys- 
tem for establishing sampling position in the Bay 
(Simons et al. 1992). 

The mapped areal extent of oyster reef in Gal- 
veston Bay was overlaid on the circulation model's 
finite element grid, and the percent coverage of 
reef for each element was calculated. This was then 
used to determine in which elements the post-set- 
tlement model was active. Of the 1996 surface el- 
ements representing Galveston Bay, 408 have been 
identified as including some oyster reef. The oyster 
model runs within each element of the finite ele- 
ment grid with known reef. 

MODEL INITIALIZATION 

The size frequencies for oysters, oyster drills, 
crabs, and mussels used to initialize the model 
were derived from the Galveston Bay National Es- 
tuarine Program (GBNEP) health assessment, 
which occurred over a 3-wk period in April and 
May of 1992. During this time, 51 sites from all 
major reefs in the Galveston Bay system were sam- 
pled. These 51 sites were used as a basis to calcu- 
late spatial distributions of size frequencies that 
were input to the post-settlement model. 

In order to obtain size frequencies for each el- 
ement with known reef, each of the 51 sampling 
sites was equated to a specific element in the cir- 

culation model, and assigned the measured vari- 
ables (i.e., oyster drill or crab densities, etc.) to the 
elements corner nodes. Marble's (1967) method 
was used to calculate distances (Dij) from each de- 
fined node to all other nodes. The value of each 
unknown node (Uj) was obtained as the distance- 
corrected mean of the known nodes (IK) following: 

1 
n Di2 

uj, = E 
j 

K, n 1 

iDg.I, 

(6) 

where n is the number of sites sampled. The vari- 
able value for each unsampled element was then 
obtained as the mean of the corner nodes. The 
size frequencies for oyster drills, crabs, and mussels 
were time-invariant. The feeding rates of these 
predators and competitors varied as functions of 
temperature and salinity (Powell et al. 1995b). 

Spatial distributions of food and seston were cal- 
culated from the Bay-wide measurements using Eq. 
6. P. marinus prevalence was initialized at 50% Bay- 
wide at the beginning of each simulation. 

MODEL LIMITATIONS 

The coupled post-settlement-larval model (the 
oyster model) used in this study is the first of its 
type. This model, in combination with a hydrody- 
namic model and field measurement programs, 
provides a framework for investigating the effects 
that changes in environmental conditions have on 
spatial and temporal distributions of oyster popu- 
lations. However, the model has limitations that 
need to be considered in the interpretation of sim- 
ulation results. First, advection of food, seston, and 
larvae does not occur between elements in the hy- 
drodynamic model grid. Secondly, the measured 
food and total seston distributions are prescribed 
model inputs as opposed to dynamically evolving 
distributions that include coupling with the oyster 
population. The addition of transport of food, ses- 
ton, and larvae, as well as the inclusion of a pri- 
mary production model are the next logical steps 
in the development of this integrated three-dimen- 
sional model. Despite these limitations, simulation 
results provide insight into how variations in bio- 
logical and environmental conditions affect oyster 
populations. The results from this study allow sev- 
eral predictions to be made concerning how en- 
vironmental change may affect the status of oyster 
fisheries in the future. 

MODEL IMPLEMENTATION 

The oyster model was solved numerically using 
an implicit (Crank-Nicholson) time stepping 
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TABLE 2. Summary of the environmental conditions used for the model simulations. Reference refers to 1984 temperature, mean 
freshwater inflow, mean food, and seston. High and low freshwater inflow refer to 1984 temperature, mean food, and seston, as well 
as the high (20%) and low (20%) freshwater inflow cases, respectively. High and low temperature refer to mean freshwater inflow, 
food, and seston, as well as high and low temperature time series, respectively. Decreased food refers to 1984 temperature, mean 
freshwater inflow, and seston in conjunction with decreased food. Decreased seston refers to 1984 temperature, mean freshwater 
inflow, and food in conjunction with decreased seston. 

Simulation Year 1 Year 2 Year 3 Year 4 Year 5 

Reference mean mean mean mean mean 
High freshwater inflow mean mean high high high 
Low freshwater inflow mean mean low low low 
High temperature mean mean high high high 
Low temperature mean mean low low low 
Decreased food mean mean decreased decreased decreased 
Decreased seston mean mean decreased decreased decreased 

scheme. Solutions were obtained independently 
for each grid element. Each simulation was run for 
5 yr with a time step of 1 h. In total, seven simu- 
lations were run in order to investigate the effect 
of changes in environmental conditions on the 
population structure of the oyster (Table 2). 

The reference simulation, which is the control 
case against which the other six simulations are 
compared, was run with 5 yr of mean environmen- 
tal conditions. The initial two years of each subse- 
quent simulation were run with mean environmen- 
tal conditions. This allows the model to come into 
equilibrium before the perturbed environmental 
data sets are applied. 

The second and third simulations consider the 
effect of increases and decreases in freshwater in- 
flow on the population structure of the oyster. The 
fourth and fifth simulations were used to investi- 
gate the effect of increases and decreases in tem- 
perature on the population structure of the oyster. 
The sixth and seventh simulations were designed 
to investigate how long-term decreases in food con- 
centration and seston, principally suspended sedi- 
ment, affect the oyster population. 

Results 
REFERENCE SIMULATION 

The reference simulation was run with 5 yr of 
mean environmental conditions to establish basic 
patterns in the distribution of the number of total 
oysters, adult oysters, abundance of spawn, num- 
bers of recruits, and larval survivorship in Galves- 
ton Bay. Thus, the simulated population character- 
istics and patterns are assumed to be representative 
of the oyster population in Galveston Bay. Results 
presented here are from the fifth year of simula- 
tion, which is sufficient time for the oyster popu- 
lation to come into equilibrium with the environ- 
mental conditions. 

The number of total oysters (Fig. 5a) in the ref- 
erence simulation is highest in central Galveston 
Bay near the ship channel, and in the Pelican Is- 

land Embayment. Moderate concentrations are 
found near Clear Lake, off Eagle Point on the west- 
ern side of the Houston Ship Channel, in eastern 
West Bay and in central East Bay. The lowest values 
are found off Smith Point, in Trinity Bay and in 
northern Galveston Bay. Although adult oysters 
have similar spatial patterns (Fig. 5b), the Bay-to- 
taled numbers are three orders of magnitude low- 
er than the number of total oysters (Table 3). Ad- 
ditionally, many areas with low levels of total oysters 
have negligible levels of adult oysters. Spawning 
(Fig. 5c) closely follows the patterns of total oysters 
(Fig. 5a) in the Bay, with higher spawning occur- 
ring in central Galveston Bay and in the Pelican 
Island Embayment. The spatial pattern for recruits 
(Fig. 5d) is also similar to that for the number of 
total oysters. Highest numbers of recruits are in 
central Galveston Bay near the ship channel and 
in the Pelican Island Embayment. Negligible num- 
bers of recruits extend northward from Smith 
Point on the eastern side of the ship channel, and 
northward from Red Bluff on the western side of 
the ship channel. 

The simulated patterns suggest that several areas 
of Galveston Bay are capable of supporting viable 
oyster fisheries: central Galveston Bay, central East 
Bay, the Pelican Island Embayment, Dickinson Bay, 
lower Clear Lake, and the ship channel reaches off 
Dickinson Bay and lower Clear Lake. With the ex- 
ception of the Pelican Island Embayment, these re- 
gions, many of which are adjacent to or are part 
of the ship channel where mixing and water ex- 
change are greater, are characterized by moderate 
to high flow rates and seston levels, as well as mod- 
erate salinities (cf., Fig. 3a,b,d). The majority of 
these regions also have moderate food values (cf., 
Fig. 3c) with the exception of the productive re- 
gions of the ship channel, which have lower food 
concentrations available to oysters but also higher 
flow rates. This suggests that although food con- 
centration in the productive regions of the ship 
channel is low relative to the other Bay areas, the 
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larval survivorship (%) averaged over the fifth year of the reference simulation. 

concentration of food does not limit population 
growth. It is the flux of food, rather than its con- 
centration, which is often the determinant of oys- 
ter growth (Wilson-Ormond et al. 1997). 

In the reference simulation, the regions of low- 
est larval survivorship are the low salinity reaches 
of Trinity Bay and northern Galveston Bay (Fig. 
5e). Larval growth rates are decreased at low salin- 
ities and eventually cease as salinities approach 
zero, which results in an extended larval plankton- 
ic period (Dekshenieks et al. 1993). The longer the 
planktonic period the greater the cumulative mor- 
tality for oyster larvae and subsequently, the lower 
the larval survivorship. The highest larval survivor- 
ship in this simulation occurs in central Galveston 
Bay. Central Galveston Bay is a region of moderate 
salinities and food concentrations, as well as high 

seston loads (cf., Fig. 3). With moderate salinities, 
which are favorable for larval growth, and food 
and seston concentrations which are not deleteri- 
ous for larval growth, survivorship is high. Larval 
survivorship in West Bay is lower than in the cen- 
tral Galveston Bay, although salinities in West Bay 
are favorable for larval growth (cf., Fig. 3a). Larval 
survivorship in West Bay is limited by food supply, 
which is less than optimal for larval growth (cf., 
Fig. 3c). 

HIGH FRESHWATER INFLOW SIMULATION 

The high freshwater inflow simulation shows the 
effects of three consecutive flood years, an extreme 
event which did occur from 1991 to 1993. Increas- 
ing the freshwater inflow to conditions represen- 
tative of flood years in Galveston Bay drops the 
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TABLE 3a. Bay-totals of oyster population characteristics. These values were obtained by averaging the values by element over the 
fifth year of each simulation and then summing the element averages to obtain the Bay-totals. The equation used to calculate larval 
survival is indicated below. Units are # bay-1 yr-1 unless otherwise indicated. 

Total Adult Larval 
Simulation Oysters Oysters Spawn Recruits Larvae Survival (%) 

Reference 0.54 X 1012 0.28 X 109 0.14 X 1018 0.39 X 109 0.52 X 1017 0.29 X 10-6 
High freshwater 0.19 X 1011 0.24 X 108 0.32 X 1016 0.36 X 106 0.63 X 1015 0.11 X 10-7 

Low freshwater 0.12 X 1014 0.11 X 1010 0.18 X 1019 0.49 X 1012 0.16 X 1018 0.28 X 10-4 

High temperature 0.66 X 1012 0.27 X 109 0.21 X 1018 0.99 X 1012 0.26 X 1017 0.48 X 10-3 
Low temperature 0.36 X 1012 0.54 X 109 0.86 X 1017 0.31 X 109 0.31 X 1017 0.36 X 10-6 
Decreased food 0.35 X 1012 0.31 X 109 0.13 X 1018 0.26 X 109 0.28 X 1017 0.21 X 10-6 
Decreased seston 0.43 X 1012 0.39 X 109 0.51 X 1018 0.39 X 109 0.11 X 1018 0.76 X 10-7 

Larval Survival = (# Recruits/# Spawn) X 100. 

Bay-wide salinities by roughly 3%o (cf., Table 1). 
However, much of this freshwater enters from the 
Trinity River, so that salinities drop considerably 
more throughout Trinity Bay, upper Galveston Bay, 
and south of Smith Point. 

This decrease in salinity results in a 168-200% 
reduction in the number of total oysters, adult oys- 
ters, abundance of spawn, recruits, and larvae rel- 
ative to the reference simulation (Table 3). The 
increase in freshwater inflow shifts the isohalines 
southward through the Bay, thereby expanding the 
areal extent of the low salinity waters. The spatial 
patterns in oyster population characteristics reflect 
the deleterious effects of lower salinity. The num- 
ber of total oysters decreases Bay-wide except in 
the Pelican Island Embayment and in isolated ar- 
eas in West Bay which are protected from low sa- 
linity water by the Texas City Dike (which extends 
from Texas City to just north of Pelican Island; Fig. 
6a). The numbers of adult oysters are negligible 
throughout much of Galveston Bay, except near 
the Pelican Island Embayment. Spawning is de- 
creased Bay-wide following the shift of isohalines 
southward through the Bay. The regions of highest 
spawning are in the Pelican Island Embayment. Re- 
cruitment is lowered Bay-wide. The only areas with 
any appreciable recruitment are the higher salinity 
regions of the Pelican Island Embayment and West 
Bay. The deleterious effects of lowered salinities on 
the oyster population are a decreased filtration 
rate, decreased spawning, and increased mortality. 

The beneficial effects of decreased salinities are 
the lessening of the effect of P marinus and de- 
creased predation. In this case, the deleterious ef- 
fects of salinity outweigh the beneficial effects, as 
is evident in the Bay-totals of oyster population 
characteristics (Table 3). 

Increased freshwater inflow decreases the Bay- 
wide number of larvae by 195%, decreases larval 
survivorship by 185% (Table 3), and results in low 
larval survivorship over more extensive areas of 
northern Galveston Bay (Fig. 6b). Larval survivor- 
ship is low throughout the Trinity River watershed 
where roughly 75% of the freshwater flows into the 
Bay. Survivorship is negligible throughout Clear 
Lake, the areas from Red Bluff to Morgan's Point, 
and in a large portion of East Bay. Larval survivor- 
ship also declines in the West Bay region where 
lowered salinities add to the deleterious effects of 
low food concentrations (cf., Fig. 3a,c). At lower 
salinities, larval growth rate is decreased. De- 
creased growth rates extend the larval planktonic 
time and increase cumulative larval mortalities. 
This results in a Bay-wide decrease in larval survi- 
vorship. 

Low FRESHWATER INFLOW SIMULATION 

The low freshwater inflow simulation shows the 
effects of three consecutive drought years, as oc- 
curred in Texas in the mid-1950s (Parker 1955). 
Decreasing the freshwater inflow to conditions rep- 
resentative of drought years in Galveston Bay in- 

TABLE 3b. Percent change in Bay-totals of oyster population characteristics relative to the reference simulation. The equation used 
to calculate percent change is indicated below. Units are % change. 

Larval 
Simulation Total Oysters Adult Oysters Spawn Recruits Larvae Survival 

Reference - - - - - 

High freshwater -186 -168 -191 -200 -195 -185 
Low freshwater 183 118 171 200 101 195 
High temperature 20 -4 40 200 -66 199 
Low temperature -40 63 -47 -22 -50 21 
Decreased food -42 10 -7 -40 -60 -32 
Decreased seston -22 33 113 <-1 71 -116 

Percent change = Simulation total - reference total/(simulation total + reference total/2) X 100. 
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creases the Bay-wide salinities by roughly 5%o (cf., 
Table 1). Under extended periods of low freshwa- 
ter inflow, salinities increase throughout Galveston 
Bay, for example increasing from 10%o to 11%o in 
upper Trinity Bay. Decreasing the freshwater in- 
flow to Galveston Bay results in the movement of 
isohalines northward through the Bay. 

For low freshwater inflow conditions, the simu- 
lated Bay-totaled oyster population characteristics 
increase from 101-200% relative to the reference 
simulation (Table 3). With the increase in salinity, 
the oyster population is more successful in the 
western and central areas of the Bay, north along 
the ship channel, and in central East Bay (Fig. 6c), 
where previously reefs were not productive or only 
moderately productive. These areas account for 
much of the total reef area in the Bay and, hence, 
account for the increase in total abundance. Little 
change occurs in the oyster populations in West 
Bay, except for the adult oysters which show some 
localized decreases. The higher Bay-wide salinity 
reduces the occurrence of low salinity mortality, in- 
creases oyster filtration rates and spawning. These 
responses to increased salinities combine to pro- 
duce increases in oyster growth and reproduction. 
However, P. marinus is also more successful at high- 
er salinities. Increased P marinus infection is the 
cause of the decreases in adult oysters in West Bay. 
Bay-wide, however, this effect is offset by the posi- 
tive effects of higher salinity. 

Under decreased freshwater inflow conditions, 
larval numbers are increased by 101% and larval 
survivorship is increased by 195% (Table 3). At 
higher salinities, larval growth rate is increased, 
which decreases both the larval planktonic time 
and cumulative larval mortalities. As a result, larval 
survivorship increases throughout the Galveston 
Bay system (Fig. 6d). The most noticeable increas- 
es occur throughout East Bay, as well as through- 
out Dickinson Bay, Clear Lake, and the area from 
Red Bluff to Morgan's Point. The lowest survivor- 
ships are still in Trinity Bay, yet survivorships there 
increase by two to three orders of magnitude in 
comparison to the reference simulation. 

HIGH TEMPERATURE SIMULATION 

The high temperature simulation shows the ef- 
fects of three consecutive years of elevated tem- 
peratures, which results in increases in the number 
of total oysters, spawn, and recruits by 20%, 40%, 
and 200%, respectively (Table 3; Fig. 7a). However, 
the number of adult oysters decreases by 4% rela- 
tive to the reference simulation. A 4% decrease ap- 
pears to be small, however, some reefs that were 
moderately productive in the reference simulation 
have essentially no oysters in the increased tem- 
perature simulation. This effect is most pro- 

nounced in central East Bay, near Dickinson Bay 
and in West Bay. 

The primary effect of temperature is to regulate 
oyster growth rate by way of temperature-induced 
changes in filtration rate (Powell et al. 1992). 
Higher temperatures increase filtration rate and as 
a result increase reproduction. Higher tempera- 
tures also increase the rate of reproduction by ex- 
tending the spawning season. At the same time, 
levels of P. marinus infection are increased under 
elevated temperatures, which increases disease-re- 
lated mortality. For these reasons, increased tem- 
perature should result in higher oyster yield if P. 
marinus disease is otherwise held in check. Without 
controls on P marinus prevalence and infection in- 
tensity, population abundances should decline. 
The decrease noted in adult oysters in some down- 
Bay areas, results from increased P marinus infec- 
tion and a concurrent increase in adult oyster mor- 
tality. 

Three consecutive years of increased tempera- 
tures increase larval survivorship by 199% (Table 
3; Fig. 7b.) due to decreased larval planktonic 
time, and hence a decrease in cumulative larval 
mortalities. Three consecutive years of increased 
temperatures also decrease Bay-totaled larval num- 
bers. Accelerated growth means the larvae grow 
through the planktonic period more rapidly, and 
fewer larvae are counted in the pre-defined 2-wk 
period that was used for recording the frequency 
of the model output. That is, under increased tem- 
peratures the larval life span may average less than 
14 d, compared to an average of 25 to 30 d cal- 
culated in the reference simulation. 

Low TEMPERATURE SIMULATION 

The low temperature simulation shows that 
three consecutive years of decreased temperatures 
result in reductions in the simulated total number 
of oysters, amount of spawn, and number of re- 
cruits by 40%, 47%, and 22% respectively (Table 
3; Fig. 7c). At the same time, the number of adult 
oysters increases by 63%. The increase in adult oys- 
ters occurs primarily on the western side of the 
ship channel from southern Clear Lake, through 
the Texas City area and into West Bay. 

The observed increase in the simulated number 
of adult oysters occurs because under lowered tem- 
peratures the accumulation of reproductive mate- 
rial occurs at a lower rate, due to lowered repro- 
ductive efficiency (Hofmann et al. 1994). This re- 
sults in more net production being apportioned to 
somatic growth and subsequently an increase in 
the numbers of adult oysters. Additionally, de- 
creased temperatures slow the growth of P. mari- 
nus, thereby decreasing infection levels and mor- 
tality in the adult population. The positive effect 
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Fig. 6. The spatial distributions of (A) total oysters m-2 and (B) larval survivorship (%) averaged over the fifth year of the high 
freshwater inflow simulation. The spatial distributions of (C) total oysters m-2 and (D) larval survivorship (%) averaged over the fifth 
year of the low freshwater inflow simulation. 

of low winter temperature, by reducing transmis- 
sion and intensity of P. marinus is well described 
(Burreson and Ragone-Calvo 1996). Low temper- 
atures significantly improved conditions for adult 
oysters in Galveston Bay simulations. Increasing ev- 
idence documents the influence of long-term cli- 
mate change on oyster populations through regu- 
lation of disease intensity (Kim and Powell 1998). 
The simulations suggest that oyster populations in 
the Gulf of Mexico may be more sensitive to year- 
to-year fluctuations in salinity and temperature in- 
duced by climate cycles, than to anticipated global 
warming. A simple increase in temperature had lit- 
tle effect on adult populations because increased 
production offset the higher mortality through 
predation and disease. 

Under conditions of lowered temperature, larval 
numbers decrease by 50% as a result of decreased 

spawning by the adult oyster population (Table 3). 
However, while the absolute numbers decrease, lar- 
val survivorship increases slightly Bay-wide (Fig. 
7d). When temperatures are reduced the period 
of significant spawning activity is delayed until later 
in the summer, which places it after the period of 
spring run-off and reduced salinity, thereby, result- 
ing in a higher larval survivorship for the year. 

DECREASED FOOD SIMULATION 

The decreased food simulation shows that de- 
creasing the food concentration available to oysters 
and larvae by roughly 14% over a 3-yr period re- 
sults in Bay-wide decreases in the number of total 
oysters, amount of spawn, and numbers of recruits 
by 42%, 7%, and 40%, respectively, while the num- 
ber of adult oysters increases by 10% (Table 3). 
Despite these changes in the Bay-wide numbers of 



Modeling Oyster Populations 

A.total oysters (m-2) 

> leO8 

leO7 leo8 

leO6 leO7 

leO5 leOS10 

le04 1.05 

leO3 1e04 

leO e 103 

leOi le2Z 

"...".eO0 
10e1 

l-z le-1 

C.total oysters (m-2) 

B. larval survivorship (%) 

> a04 

e--os05 -04 

se-06 e-. 

a-07 e-0 

e-o 
e-07 

--11 e-10 

:'""".'"". e-12 e-l I 

- 13 e-IZ 

e-14 e-13 

-V 
l _ > e -04 

6e-05 e-04 

yQ<^^_V___- - -05 

e-07 -C0 

"-O e s-OS ? -o0 --07 

s--1 e-10 

l es-u e12 

r-14 -13 

D. larval survivorship (%) 

Fig. 7. The spatial distributions of (A) total oysters m-2 and (B) larval survivorship (%) averaged over the fifth year of the high 
temperature simulation. The spatial distributions of (C) total oysters m-2 and (D) larval survivorship (%) averaged over the fifth year 
of the low temperature simulation. 

the population characteristics, the spatial patterns 
of total oysters, adult oysters, spawning, and re- 
cruitment are very similar to those in the reference 
simulation (Fig. 8a versus 5a). The decreases in 
these population characteristics result from low- 
ered food, which produces low growth rates for 
both oysters and larvae. The increase in the num- 
ber of adult oysters is due to a decrease in com- 
petition on certain reefs produced by a local re- 
duction in total oyster abundance (Powell et al. 
1994). 

When food concentrations are decreased over 
a 3-yr period the Bay-wide totals of larval numbers 
decrease by 60% and larval survivorship decreases 
by 32% (Table 3). The decrease in the number of 
total larvae follows from the decrease in spawning 
activity. The decrease in larval survivorship occurs 
because under conditions of decreased food lar- 

val growth rate is decreased, thus extending the 
planktonic period and increasing the amount of 
cumulative larval mortality. The greatest decreas- 
es in the spatial pattern of larval survivorship (Fig. 
8b) occur in West Bay, where food values were 
already low, as well as in northwest Trinity Bay and 
the Red Bluff area, where existing lower salinities 
combine with the decrease in food concentrations 
to produce increased larval mortality. The simu- 
lation shows that the principal influence of food 
supply on oyster populations in Galveston Bay is 
through larval survival and recruitment. Larvae 
are more sensitive than adults to changes in food 
supply. 

DECREASED SESTON SIMULATION 

A 3-yr decrease in total seston concentration re- 
sults in increases in adult oysters and spawning by 
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Fig. 8. The spatial distributions of (A) total oysters m-2 and (B) larval survivorship (%) averaged over the fifth year of the decreased 
food simulation. The spatial distributions of (C) total oysters m-2 and (D) larval survivorship (%) averaged over the fifth year of the 
decreased seston simulation. 

33% and 113%, respectively, while the number of 
total oysters and recruits decrease by 22% and 
<1%, respectively (Table 3; Fig. 8c). Decreased ses- 
ton levels result in increased oyster filtration rates. 
Hence, the oyster assimilates more food, which re- 
sults in an increase in somatic and reproductive 
growth. Although numbers of adult oysters and 
spawn increase, the number of recruits decreases 
Bay-wide (Table 3). For all larval sizes, seston levels 
nearing 0.10 g 1-1 result in enhanced larval growth 
rates, whereas increased seston levels greater than 
0.10 g 1-1 result in decreased larval growth rates 
(Dekshenieks et al. 1993). Numbers of recruits de- 
crease Bay-wide due to the loss of the beneficial 
effect of suspended sediment concentrations near- 
ing 0.10 g 1-1 on oyster larval growth. 

Larval numbers increase by 71% when seston 

levels decrease over a 3-yr period (Table 3). This 
increase in the number of total larvae results from 
the increase in spawning activity. Simultaneously, 
when seston declines, larval survivorship decreases 
by 116% (Table 3). Decreases in larval survivorship 
occur in Dickinson Bay (Fig. 8d). Decreased larval 
survivorship in this area is most likely due to the 
extension of the planktonic period as a result of 
the loss of the beneficial effect of suspended sed- 
iment concentrations nearing 0.10 g 1-1. Increases 
in larval survivorship occur primarily in East Bay. 
Increased larval survivorship in the East Bay area 
is most likely due to an increase in larval growth 
rate as a result of lowered seston levels, which can 
reach very high values in this Bay region, as well 
as to the increased survival of the eggs and larvae 
smaller than 74 ,pm. 
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Discussion 

REFERENCE SIMULATION 

Observations from oyster reefs in Galveston Bay 
show a band of high oyster density that extends 
along the ship channel and across the central re- 
gion of Galveston Bay including portions of central 
Galveston Bay, Dickinson Bay, Clear Lake, and the 
Houston Ship Channel reaches off Dickinson Bay 
and Clear Lake. This band includes the reef areas 
which produce the bulk of Galveston Bay's com- 
mercial harvest (Hofstetter 1977). Simulated abun- 
dances are high in areas of observed high abun- 
dance that routinely support the bulk of the Bay's 
oyster fishery. Simulated abundances are high in 
areas that have demonstrated net growth in areas 
of reefs over the last 20 yr particularly central Gal- 
veston Bay, and lower in areas that have demon- 
strated net loss, including north of Eagle Point and 
Smith Point (Powell et al. 1995c). With the excep- 
tion of the Pelican Island Embayment, the band 
observed in Galveston Bay coincides with the re- 
gions of high oyster density that occur in the ref- 
erence simulation (cf., Fig. 3). 

The simulated distributions and observations of 
the oyster populations for the Pelican Island Em- 
bayment are often in disagreement, in that the sim- 
ulated values tend to overestimate the densities in 
this area. Interestingly, prior to construction of the 
Texas City Dike, the Pelican Island Embayment 
supported a viable fishery (Galtsoff 1931). How- 
ever, the Texas City Dike now restricts circulation 
between the Embayment and the Bay proper. Por- 
tions of the Pelican Island Embayment, which have 
access to the ship channel and the channel run- 
ning to the south of the Pelican Island Embayment 
now have element averaged flow velocities in ex- 
cess of 0.20 m s-1 (cf., Fig. 3b). Unlike other areas 
in Galveston Bay with relatively high current veloc- 
ities, the Pelican Island Embayment does not have 
a large external source of larvae since it is relatively 
isolated from the other productive areas of the Bay. 
Exchange is principally with the Gulf of Mexico. 
The overestimation in oyster population numbers 
occurs in the model because larvae are not lost by 
advection from the Pelican Island Embayment. 
That is, if simulated larvae were advected out of 
the Pelican Island Embayment by horizontal cur- 
rents in the circulation model and the area re- 
ceived no replenishment of larvae, the simulated 
production would be lowered and densities of oys- 
ters would more closely approximate the present 
densities observed this region. With the exception 
of the Pelican Island embayment, however, the 
overall distribution of oysters in the simulations fol- 
lows observations reasonably well. 

There are several processes which produce the 

band of high oyster density spanning the central 
regions of Galveston Bay. The population is limited 
in the southwestern reaches of the Bay by P mari- 
nus. P marinus, which is the primary source of oys- 
ter mortality in Galveston Bay, has its greatest im- 
pact in high salinity environments. In the refer- 
ence simulation, West Bay, which is exposed to 
high salinities from the Gulf of Mexico, is a can- 
didate for these potential heavy losses due to P 
marinus (Soniat et al. 1989). This area also has low- 
ered larval recruitment (cf., Fig. 5d) due to low 
food values (cf., Fig. 3c). Thus, by the fifth year of 
the reference simulation, West Bay has extremely 
low levels of oyster adult and larvae populations 
(cf., Fig. 5) due to a combination of low larval re- 
cruitment and high mortalities of the adult oysters 
due to P marinus. 

Low salinity mortality, which is the second most 
significant source of mortality to the post-settle- 
ment population, in combination with the other 
deleterious effects of low salinity on post-settle- 
ment and larval development, limits the success of 
oyster reefs in the northern and northeastern Bay 
areas that are exposed to freshwater inflow from 
the San Jacinto and Trinity Rivers. The filtration 
rate of oysters is depressed at salinities below 10%o 
(Powell et al. 1994). Filtration rate determines, in 
part, the amount of food oysters ingest. Thus, in 
low salinity regions of the Bay, decreased filtration 
rates result in decreased energy to the oyster pop- 
ulation and similarly lowered growth and fecundi- 
ty. Low salinity also increases oyster respiration 
(Shumway and Koehn 1982). The deleterious ef- 
fects of low salinity on oyster physiology outweigh 
the beneficial effect of lowered prevalence and in- 
tensities of P marinus. In addition, the regions of 
lowest larval survivorship are also the low salinity 
reaches of Trinity Bay and northern Galveston Bay 
(cf., Fig. 5e). Low salinities slow larval growth rates, 
leading to greater cumulative larval loss. In simu- 
lations of larval planktonic time using environmen- 
tal conditions typical of the Galveston Bay estua- 
rine system, when a simulated low salinity event of 
5% was imposed in August of the normal salinity 
time-series, the length of the planktonic time was 
increased by 39% (Dekshenieks et al. 1993). Thus, 
the band of high oyster density, spanning across 
the central region of Galveston Bay can be largely 
attributed to the effects of salinity, both on oyster 
and larval physiology, as well as on the predators 
and disease causing organisms which are deleteri- 
ous to the population. 

The effect of salinity in regulating oyster pro- 
duction in Galveston Bay has been known for some 
time. Over a twenty-three year sampling period in 
Galveston Bay, a close correlation has been iden- 
tified between low spring salinities and poor spat 
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sets (Hofstetter 1983). The largest recruitment 
events occur when salinities range from 17%o to 
24%o, whereas recruitment ceases if salinities drop 
below 8%o (Hofstetter 1983), supporting the idea 
that lowered salinities lead to greater cumulative 
larval loss. 

The effects of lowered salinity on larval recruit- 
ment have also been observed for other estuarine 
systems. Abbe (1988) observed that recruitment 
events in the central Chesapeake Bay coincided 
with sustained periods of salinities greater than 
16%o. Furthermore, based on a multivariate anal- 
ysis of 40 yr of data centered around the oyster 
population in the Chesapeake Bay, Ulanowicz et al. 
(1980) also found that periods of high salinity dur- 
ing the spawning season resulted in higher spat 
densities. 

Galtsoff (1964) noted that oyster reefs with low 
production are situated beyond the upper and low- 
er extent of favorable salinities. Oyster reefs in es- 
tuarine waters with salinities below 10%o were less 
productive than those in more saline areas. Reef 
production can be essentially stopped by persistent 
flood conditions (Galtsoff 1964). In the high salin- 
ity regions, P marinus and oyster predators are 
more prevalent which reduces oyster reef produc- 
tion within these areas. Although Galtsoff (1964) 
recognized that the spatial pattern of the oyster 
population results from the cumulative effect of 
several environmental parameters, he emphasized 
that salinity is often the primary factor determin- 
ing the extent of oyster distributions and repro- 
duction within estuarine regions. 

ENVIRONMENTAL VARIABILITY 

The simulations with variations in freshwater in- 
flow showed the greatest overall effect of environ- 
mental conditions on oyster population character- 
istics (Table 3). Variations in other environmental 
conditions, such as food concentration and seston 
levels, had considerably less impact on Bay-wide 
changes in oyster populations. The high tempera- 
ture simulation was the only simulation in which 
the effect increased temperature approximated 
the effect of changes in salinity on recruits. After 
3 yr of increased temperatures the numbers of re- 
cruits increased by 200%. Although the effect of 
salinity variation strongly affected the post-settle- 
ment populations, other environmental conditions 
have significant influences on the population as 
well (Table 3). These results suggest a need to con- 
sider all environmental effects when attempting to 
predict the response of the oyster population, for 
it is the superposition of a combination of these 
factors that determines the state of the population. 

The two simulations which produce the greatest 
changes in the spatial distribution of population 

attributes are the high and low freshwater inflow 
simulations (cf., Fig. 6). In the high freshwater in- 
flow simulation, the down-estuary movement of 
isohalines results in decreases in oyster production 
and shifts the regions of highest production far- 
ther southward through the Bay. Decreases in oys- 
ter population levels have been observed to be 
closely tied to the spring floods in the Galveston 
Bay estuarine system. Oyster populations in the up- 
per Bay have been observed to be periodically re- 
duced or completely destroyed by spring flooding 
(Hofstetter 1977). In the low freshwater simula- 
tion, the northward movement of isohalines ex- 
pands the areas favorable for the population. Thus, 
changes in the position of isohalines within the es- 
tuary, such as those brought about by increases or 
decreases in freshwater inflow, have the greatest 
influence on the spatial distribution and produc- 
tion of oyster reefs. 

A Bay-wide survey of oyster abundance in May 
of 1992, during an extended low salinity event that 
began in 1991, found that low salinity induced oys- 
ter-kills in southern Trinity Bay off Smith Point and 
south of Smith Point. However, the 1992 oyster 
abundances were not depressed as greatly as re- 
corded in the high freshwater inflow simulation. 
The low salinity episode depicted by this simula- 
tion probably overestimates the impact of extend- 
ed high freshwater episodes because advection of 
larvae to upper-Bay reefs, where spawning was sig- 
nificantly reduced, was not permitted. 

The results of the low freshwater inflow simula- 
tions, in which production is increased, are in 
some respects counter to the standard dogma be- 
cause oyster populations experience higher mor- 
tality from predation and disease when salinities 
exceed 15%o. However, most reef accretion in Gal- 
veston Bay is down estuary of the 15%o line, due 
to historical changes in Bay configuration and hy- 
drology (Powell et al. 1995c). The primary reef 
tracts in the central Bay are no longer in optimal 
position for oyster production. Increased salinity 
puts more reef into optimal growing conditions 
and, as a result Bay-wide oyster abundance increas- 
es. 

GLOBAL IMPLICATIONS 

Recent studies produce significant evidence for 
the effect of climate warming on shellfish produc- 
tion on the East Coast of the United States (Ford 
1996; Cook et al. 1998). A paper by Harvell et al. 
(1999) suggests that climate warming may add an 
additional physiological stress on marine popula- 
tions. It is therefore reasonable to assume that con- 
tinued climate warming will have an increased ef- 
fect on commercial shellfish populations. The 
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question arises: Will this be a positive or a negative 
effect? 

Simulation results show that temperature in- 
creases in the Gulf of Mexico region will not have 
an overwhelmingly negative effect on oyster pop- 
ulations because increases in population growth 
will be compensated for by increases in Dermo dis- 
ease. However, this may not be the case at higher 
latitudes, such as Delaware Bay, where increased 
temperature seems to favor Dermo disease. Simu- 
lation results also show that variations of a few de- 
grees in temperature have less of an effect than 
variations of a few part per thousand in salinity. 
These results suggests that processes affecting 
freshwater inflow will have a greater control on oys- 
ter populations. Processes affecting freshwater in- 
flow into the system may be climate-induced or 
may be human-induced, such as freshwater diver- 
sion. Our results agree with analysis done by Kim 
and Powell (1998) which indicates that oyster pop- 
ulations need to be managed within the context of 
larger-scale climatic variations ENSO events affect 
temperature as well as local precipitation. 

The impacts of environmental change on water- 
sheds that surround productive estuaries are not 
limited to the Galveston Bay estuarine system. This 
is a national and global issue that affects many es- 
tuarine systems. The model discussed here pro- 
vides a framework for investigating the potential 
effects that longer term changes in the environ- 
ment have on the structure of the oyster popula- 
tions. Moreover, the oyster can be used as an in- 
dicator species to forecast the impacts that envi- 
ronmental change will have on estuarine systems 
and the human populations which surround them. 
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