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Impact of channelization on oyster production:
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A hydrodynamic-oyster population dynamics model was developed to assess the effect of a change in ship channel configuration under
different freshwater inflow regimes and different future hydrologies on oyster (Crassostrea virginica) populations in Galveston Bay, Texas.
The population dynamics model includes the effects of environmental conditions, predators, and the oyster parasite Perkinsus marinus on
oyster populations. The hydrodynamic model includes the effects of wind stress, river runoff, tides, and oceanic exchange on the circulation
of the Bay. Simulations were run for low, mean, and high freshwater inflow conditions under the present (1993) hydrology and predicted
hydrologies for 2024 and 2049 that include anticipated water diversion projects to satisfy the freshwater demands of population growth in
metropolitan Houston, Texas. Simulation results show that oyster biomass was predicted to increase after enlargement of the ship channel.
Oyster biomass is expected to increase on about 53% of total reef acreage when averaged over a 50-yr time span. Oyster reef acreage
characterized by increased biomass after channel enlargement increases moderately under the present hydrology and the 2049 hydrology,
but decreases slightly in 2024. Lower biomass in 2024 is due to reduced freshwater inflow and increased saltwater intrusion that pushes the
optimal areas for oyster growth somewhat farther upbay than in 2049. Declines in oyster biomass, noted in most simulations in downbay
reaches, were more than balanced by increased oyster biomass upbay. The differential between upbay and downbay reefs can be explained
by an increase in mortality from Perkinsus marinus downbay and saltwater intrusion upbay that expands the area characterized by moderate
salinities. The 20th century history of Galveston Bay is one of expansion of isohaline structure and increased oyster production as a result
of anthropogenic modification of bay physiography. The salinity gradient of the 1990s, however, is not in equilibrium with the distribution
of hard substrate required for oyster growth, that reflects an earlier equilibrium with the pre-1900s hydrodynamics. Increased saltwater
intrusion is normally disadvantageous to oyster populations; but, in this case, channel enlargement further expands the salinity gradient
upbay and outward (east and west) from the channel. As a result, in most years, oyster biomass is increased because moderate salinities
cover more of the pre-1900s reef tracts where hard substrate is plentiful.
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1. Introduction

The Galveston Bay estuarine system is located about
50 km south of Houston, Texas. The Bay is connected to the
Gulf of Mexico by three passes, the primary one being Bo-
livar Roads, and receives most of its freshwater input from
two rivers, the San Jacinto and the Trinity, with the primary
water source being the Trinity River [1–3]. (Figure 1 gives
a synopsis of the names and locations of the topographic
and other features of Galveston Bay referred to in this re-
port.) Running along the main north–south axis of the Bay
is the Houston Ship Channel, that connects the Port of Hous-
ton with the Gulf of Mexico. On average, Galveston Bay
is 2–3 m deep, with the exception of the Houston Ship Chan-
nel that, at the time of this study, was 12.2 m deep.

The Houston Ship Channel is one of the narrowest ship
channels providing access for large vessels to upbay com-
mercial harbors. Large vessels pass each other using a pro-
tocol referred to as the “Texas chicken maneuver”, in which
the two vessels steam towards each other head-on, then turn
simultaneously to starboard, briefly orienting themselves
parallel to each other and diagonally across the channel,
and then turn simultaneously to port, at which point the two
vessels are “sucked” past each other by a venturi effect on

the two hulls [4]. Not surprisingly, as commerce has in-
creased, widening and deepening this channel has become
an increasingly obvious necessity. The proposed enlarge-
ment of the Houston Ship Channel would increase the di-
mensions from 122 m across and 12.2 m deep to 161.5 m
across and 13.7 m deep, increasing the cross-sectional area
by a factor of 1.49. Because the Houston Ship Channel pro-
vides the primary conduit by which saltwater from the Gulf
of Mexico enters Galveston Bay, a significantly larger cross-
sectional area suggests a significantly larger salt transport
into Galveston Bay.

Galveston Bay accounts for a significant fraction of the
U.S. production of the Eastern oyster, Crassostrea vir-
ginica [5]. Most of the oyster reefs are 1–3 m deep, but some
are intertidal and, along the Houston Ship Channel, the reefs
are up to 6 m deep [6]. The most productive oyster reefs are
adjacent to the ship channel and along the Redfish Bar reef
tract that is bisected by the ship channel (figure 1).

The 20th century history of Galveston Bay is one of ex-
pansion of the salinity gradient and increased oyster produc-
tion. Prior to 1940, the salinity gradient of the bay was
compressed about Redfish Bar, a barrier reef that acted as
a dam to water flow in the bay. At that time, Redfish Bar
extended from Eagle Point to Smith Point along the Cham-
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Figure 1. Map of Galveston Bay showing the locations of significant geographic features referred to in the text.

bers County Line [6] upbay of the present reef tract with the
same name (figure 1). Commercial production was limited
to the western, downbay portion of the bay south of the sin-
gle largest channel through this bar (located just behind what
is called Redfish Island in figure 1) [7].1 Removal of this
barrier reef dam and the addition of the present ship channel
dramatically expanded the isohaline structure of the bay and
permitted the existence of a commercial fishery. Commer-
cial fishing began in the early 1950s. Much of this fishery
is located downbay of the original Redfish Bar in an area
that was described in 1931 as unproductive [7]. Thus, the
present productivity of Galveston Bay is a result of anthro-
pogenic modification of Galveston Bay that has modified the

1 Redfish Island succumbed to wave erosion in the late 1990s and no longer
exits as a supratidal entity.

hydrodynamic regime to support a greatly expanded salinity
gradient in the bay.

Oyster physiological processes have well defined re-
sponses to changes in salinity. Salinity also controls oys-
ter predators and, most importantly, oyster diseases [8–10],
with increases in salinity normally producing increased rates
of predation and disease-related mortality. Because channel
enlargement typically results in increased salinity [6,11,12],
the proposed enlargement of the Houston Ship Channel has
serious potential implications for the continued health and
productivity of the primary reef tracts in Galveston Bay. For
this reason, a simulation model was developed to ascertain
the likely influence of channel enlargement on the Bay’s oys-
ter populations. This contribution presents the results of this
evaluation.
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2. Modeled system – Galveston Bay

The principal sources of freshwater inflow to Galveston
Bay are the San Jacinto River to the northwest and the Trin-
ity River to the northeast (figure 1). The Trinity River con-
tributes most of the freshwater volume to the Bay. The
San Jacinto water flows primarily down the western shore
of Galveston Bay between the shoreline and the Houston
Ship Channel. Trinity River water exits the Bay primarily by
flowing down the eastern shore of Trinity Bay and then south
around Smith Point and across Redfish Bar. Salt moves up-
bay principally via the Houston Ship Channel and the central
deeper portion of Trinity Bay. The Houston Ship Channel
effectively acts as a barrier separating the much smaller San
Jacinto-impacted western shore from the much larger east-
ern area affected by the Trinity River. Both East and West
Bay arms have smaller flows and reduced exchanges. Flow
into West Bay is minimized by the Texas City Dike and flow
into East Bay is minimized by movement of Trinity River
water around and south of Smith Point to Bolivar Roads (the
primary inlet to the Gulf of Mexico) (figure 1). Sections of
the Bay, then, operate quasi-independently with respect to
the hydrodynamic and salinity regime and this results in sig-
nificant spatial differences in oyster production even within
the same salinity zone [6].

Powell et al. [6] depict the distribution of oyster reefs in
Galveston Bay in their figures 4–7. Reef and unconsolidated
shelly sediments comprise a total of 10,794.5 hectares, most
of which is distributed across the central bay (Redfish Bar-
Hanna Reef Tracts), along the Houston Ship Channel, and in
the East and West Bay arms of Galveston Bay. Most is nat-
ural reef; however, about 18% of the total reef area is man-
made, principally through the growth of reef on the dredge
spoil shoulders of dredged channels. Galveston Bay is in a
reef accretionary stage in most of its reaches, with consid-
erable new reef developed in the central bay and along the
Houston Ship Channel over the last 20 years [6].

A recent review of the history of the Galveston Bay reef
system [6] concludes that the estuarine hydrodynamics and
salinity gradients in Galveston Bay are not now in equilib-
rium with the reef tracts. This is the primary reason for the
rapid expansion of reef into unoccupied territory. The dise-
quilibrium between geology and physico-chemical environ-
ment, that has permitted the development of the present-day
oyster industry in the bay (compare Galtsoff [7] and Hofstet-
ter [13]), originates from barrier reef removal and channel-
ization that has occurred principally since 1940.

3. The hydrodynamic-oyster population model

3.1. The oyster model

Three models were combined to simulate the effects of
environmental variability on the population structure of the
Eastern oyster in Galveston Bay. The first model, a time-
dependent post-settlement population-dynamics model, sim-
ulates the growth, reproduction and mortality of the ben-

thic phase of the oysters’ life history. Submodels associated
with the post-settlement model include: a time-dependent
submodel of the transmission and proliferation of the par-
asite, Perkinsus marinus; a predation submodel simulating
the effects of crabs and drills; and a competition submodel
simulating the competitive effect of other filter feeders 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 Engineers for Galveston Bay, Texas [14]. The cir-
culation model provides horizontal velocity and salinity dis-
tributions on a finite element grid that represents the Bay
geometry. Bottom flow and salinity, obtained from the cir-
culation model, are used by the post-settlement model; the
element-averaged salinity is used by the larval model.

The post-settlement model runs within each grid element
that contains oyster reef and the larval model is operative in
those grid elements where viable spawn occurs. The post-
settlement and larval models also use Bay-wide measure-
ments of monthly-averaged food and total suspended solids
(TSS) distributions and hourly water temperature. These
models, the associated environmental data, as well as the
statistical methods used for analyses of the simulated oyster
distributions, are described in the sections which follow.

3.1.1. Post-settlement population dynamics model
The time-dependent post-settlement model simulates the

benthic phase of the oyster life cycle. This model and its ap-
plication are described in Powell et al. [15–17] and Hofmann
et al. [18,19]. In the post-settlement model, the oysters’ life
history is represented by 11 size classes which are defined in
terms of biomass. Each size class can be converted to length,
using any length-to-weight relationship.

Net production, NPj , within any of the size classes, j ,
is the sum of somatic, Pgj , and reproductive, Prj , tissue
growth. Net production (Pgj + Prj ) is assumed to be the
difference between assimilation Aj and respiration Rj , and
is given as:

NPj = Pgj + Prj = Aj − Rj . (1)

The post-settlement model permits positive scope for
growth, the accumulation of biomass, as well as negative
scope for growth, the loss of biomass, within size classes.
Scope for growth is the difference between energy gained
from assimilated food and energy lost to respiration [20].
Positive scope for growth (NP > 0) occurs in times of
ample food supply and favorable environmental conditions,
whereas negative scope for growth (NP < 0) occurs dur-
ing the winter season when gonadal material is re-absorbed
or during periods of unfavorable environmental conditions.
The governing equation for the post-settlement population
dynamics model is thus written as:

dOj

dt
= −αOj + βOj+1 − γOj + δOj−1 − lossj . (2)



276 J.M. Klinck et al. / Channelization and oyster production

Equation (2) gives the time (t) change in oyster biomass O
(expressed in joules) in each biomass class j . The first and
second terms on the right side of equation (2) represent pos-
itive scope for growth, where individuals are added to any
biomass class j by growth to the next larger size class. The
third and fourth terms on the right side of equation (2) repre-
sent a negative scope for growth, where individuals are lost
from any biomass class j to the next smaller biomass class.
The coefficients, α, β, γ , δ, that determine the rate of the
transfers, depend upon NP. The final term on the right hand
side of equation (2) represents mortality of juvenile and adult
oysters due to parasitism by P. marinus, predation by crabs
and oyster drills, and mortality from extreme environmental
conditions. These various sources of mortality for the post-
settlement population are discussed more fully in a later sec-
tion.

3.1.2. Larval model
The larval model is designed to simulate the development

of oyster larvae through the planktonic period of the oysters’
life history and is described by Dekshenieks et al. [21,22].
Oyster larvae are roughly 65 µm in diameter after fertiliza-
tion and grow to a length of about 335 µm [23], at which
time they are competent to settle into the benthic oyster com-
munity. The governing equation for each larval size class is
given by:

dLi

dt
= εLi−1 − λLi − mortalityi , (3)

where L is the concentration of larvae in size class i, for
i = 1–271. The change in larval number with time in each
size class is the result of the introduction of new individuals
from the previous size class (Li−1), the loss of individuals
from size class i to the next size class (Li ), and mortality
processes (mortalityi). The transfer rates, ε, λ, are deter-
mined by larval growth processes that are dependent upon
four environmental factors: temperature, salinity, food con-
centration, and TSS. The larval mortality term includes the
primary sources of larval mortality; namely, failure for the
egg to be fertilized, the effect of suspended sediment on eggs
and the earliest larval stages, inherent genetic variability of
the larvae, predation, extremes in environmental factors, the
inability to find adequate reef at the time of metamorphosis,
and loss during metamorphosis. Each larval mortality source
is discussed in the following sections 3.1.2.1–3.1.2.7.

3.1.2.1. Fertilization. For most bivalves, fertilization oc-
curs externally in the surrounding water. For this reason,
the density of the spawning population has a significant ef-
fect on fertilization success. Levitan [24] investigated the
influence of sea urchin (Diadema antillarum) density on fer-
tilization success. In lieu of direct observations for oysters,
Levitan’s [24] study was used to develop a relationship rep-
resenting the influence of oyster density on fertilization suc-
cess. Stated mathematically:

log10(% fertilization) = 0.72 log10(OD)+ 0.49, (4)

where OD represents the density of the spawning oyster
population (number m−2) derived from the post-settlement
model.

3.1.2.2. Total suspended solids. TSS can cause signifi-
cant mortalities during the earliest phase of larval develop-
ment. At TSS concentrations of 0.125 g l−1, 5% of fertil-
ized eggs fail to develop to the straight-hinge stage (roughly
74 µm) [25]. As TSS concentrations increase from 0.25 to
2.00 g l−1, the percent mortality of the eggs and early lar-
val stages increases in a nonlinear fashion from 27 to 100%.
This effect of TSS was parameterized using an empirical re-
lationship of the form:

mortt = ab

(a − b)e−cTSS + b
, (5)

where mortt is the rate of larval mortality (d−1) in the first
size class, a is 0.5 d−1, b is 0.001 d−1, c is 10.5 l g−1 and
TSS is the ambient TSS concentration (g l−1). This mortality
during early larval development is incorporated through the
mortalityi term in equation (3) for larval size class 1.

3.1.2.3. Inherent genetic variability. Some larvae simply
fail to develop completely through the planktonic period.
Gallager and Mann [26] calculated larval survival from egg
to straight-hinge, and from egg to pediveliger, using larvae
with different initial egg lipid contents. Survival was related
to egg quality. The mean larval survivorship determined by
variations in egg quality was obtained by averaging the sur-
vival values given by Gallager and Mann [26]. The resultant
mortalities for egg to straight-hinge and straight-hinge to pe-
diveliger, 37 and 91%, respectively, were used in the larval
model. These mortality rates were incorporated through the
mortalityi term in equation (3) for larval size classes i = 2–
270.

3.1.2.4. Metamorphosis. A high percentage of larvae may
also be lost during the process of metamorphosis. The stud-
ies of Gallagher and Mann [26] and Gallager et al. [27] pro-
vide estimates of the success rate of competent larvae com-
pleting metamorphosis, obtained from larval cultures with
varying lipid indexes (ranging from mediocre to good). To
arrive at a number for survivorship through metamorphosis
to be used in the model, the percentages of larvae complet-
ing metamorphosis were averaged to obtain a larval success
rate of 35%.

3.1.2.5. Predation. The rates of mortality due to predation
are unknown for the larval stages of most marine organisms.
For this reason, larval mortality due to predation was deter-
mined empirically and used as the closure term in the model.
With all other known sources of mortality in place, a simu-
lation with mean freshwater inflow and mean daily temper-
ature was run. The predation mortality term was adjusted
so that simulated model results approximated the observed
distribution of recruits known to sustain the post-settlement
population [5,28,29]. This adjusted mortality rate, averag-
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ing 0.92 d−1, was incorporated through the mortalityi term
in equation (3) for larval size classes i = 2–270.

3.1.2.6. Environmental factors. Extremes in environmen-
tal factors are also responsible for the mortality of larvae
within the estuarine environment. Increased larval mortality
due to environmental conditions is determined through the
interaction of decreased larval growth rate, that governs the
length of the planktonic period, and the predation rate that
operates throughout the planktonic period. Larval growth
rate is determined by four environmental factors: tempera-
ture, salinity, food and TSS concentrations [21]. Thus, under
extreme environmental conditions, larval growth rate slows,
thereby resulting in a lengthened planktonic period and in-
creased losses to predation.

3.1.2.7. Hard substrate availability. Finally, each element
in the finite element grid has a pre-defined fraction of avail-
able substrate for oyster development, obtained from Powell
et al. [6]. In elements with a small fraction of suitable habi-
tat, proportionately fewer larvae have the potential for set-
tlement. This allows for the effect of geographic variability
in the amount of suitable substrate for larval settlement to be
included in the model.

3.1.3. Perkinsus marinus disease
Parasitism by P. marinus reduces oyster growth and fe-

cundity and, under high levels of infection, can result in oys-
ter mortality. The effects of P. marinus infection on oysters
are included in the oyster model through a function that re-
sults in a reduction in oyster filtration rate with increasing
infection level and through a function that relates mortality
to infection level [30,31]. The degree of infection is meas-
ured in terms of cells oyster−1 and oysters are allocated to
28 infection classes k defined in terms of cell doublings (e.g.,
1, 2, 4 cells oyster−1). The loss of energy to P. marinus is
an additional loss from oyster net production, and is repre-
sented as:

NPj,k = Aj,k − Rj,k − Ej,k, (6)

where Ej,k is the energy lost to P. marinus for a given oyster
biomass class j and infection class k.

The infection intensity of P. marinus, and hence the effect
of P. marinus on the oyster is modulated by temperature and
salinity. Cell proliferation usually occurs when temperatures
exceed 20 ◦C and salinities exceed 20 ‰ [30]. P. marinus is
incorporated into the governing equation (2) for the oyster
population dynamics model as:

dOj,k

dt
= −αOj,k + βOj+1,k − γOj,k

+ δOj−1,k − εOj,k + ξOj,k+1

− υOj,k + ωOj,k−1 − lossj . (7)

The fifth and sixth terms on the right side of equation (7)
represent increases in P. marinus infection intensity in oys-
ter biomass class j through increases in cell number mov-
ing oysters to the next higher infection class k. The seventh

and eighth terms on the right side of equation (7) represent
decreases in P. marinus infection intensity in oyster biomass
class j through decreases in cell number moving oysters into
the next lower infection class k. The coefficients, ε, ξ , υ, ω,
determine the rate at which oysters are transfered between
infection levels and are controlled by the change in P. mari-
nus cell number.

3.1.4. Predation submodel
Two predators, the oyster drill (Thais haemastoma) and

a generic crab (representative of the blue crab (Callinectes
sapidus) and various mud crabs such as Panopeus herbstii),
were included as external factors affecting oyster produc-
tion, as described by Powell et al. [17].

Because predation rate is predator and prey size-depend-
ent, the base daily feeding rate (B) for Thais was obtained for
each weight-class of predator, m, feeding solely on a single
weight-class of prey, j :

BTj,m = 4Owj rTj

(Thbigj − Thm)(Thm − Thsmallj )

(Thbigj − Thsmallj )
2 , (8)

where the base daily feeding rate, BTj,m , is a rate of con-
sumption in g oyster drill−1 day−1. This relationship is con-
structed from a base feeding rate (rTj ) calculated from oys-
ter weight (Owj ) and is scaled by the Thais biomass (Thm)
in proportion to the largest and smallest drills that feed upon
a given size oyster (Thbigj , Thsmallj ). The equivalent base
feeding rate for crabs was:

BCj,n = caOwj e−cbWn−ccOlj
e−cdWn

, (9)

where Wn is the crab carapace width for crab size class n

and Olj is oyster length for oyster biomass class j . The
remaining parameter values for equations (8) and (9) can be
found in Powell et al. [17].

The predation models for crabs and drills were based on
handling times obtained from laboratory measures of con-
sumption rate under specified conditions. The daily con-
sumption rates (F ), modified by temperature, salinity and
prey density, were calculated for each oyster size class as-
suming that the differences in the predator’s experimentally-
determined consumption rates among the prey size classes
reflected the fraction of the time that these predators would
spend feeding on each of these size classes, were they all
present in equal abundance. Then, we assumed that these
predators do not maximize their net energy yield, but fre-
quently choose prey yielding a lower amount of energy per
time spent feeding, so that an abundant size class of lower
optimal yield might nevertheless be consumed more fre-
quently because of its proportionally higher contribution to
the prey population. The quantity of oyster biomass con-
sumed by a crab or drill of a given size (g AFDW oyster
crab−1 d−1) was calculated as:

Fj,n = Bj,nTS PDnfj,n, (10)

where n is the predator size class, TS is the temperature-
salinity factor, PD is the relationship between prey density
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and predator consumption, and f is a fractional contribution
of each oyster biomass class to the diet of a particular sized
crab or drill obtained from the distribution of daily feeding
rates obtained for each of the oyster biomass classes.

3.1.5. Competition submodel
Competition for food is believed to be important on oys-

ter reefs [32,33]. In Galveston Bay and elsewhere in the re-
gion [34], Brachidontes mussels are the other dominant filter
feeder on reefs. Mussel filtration rate was parameterized by
standard equations used for bivalves [15,35] as follows:

FRm =
(
W 0.96

m T 0.95

2.95

)(1−TSSred)

, (11)

where FRm is the mussel filtration rate (ml min−1), Wm is
mussel biomass (mg), T is the water temperature (◦C), and
TSSred is the percent reduction due to increased TSS. Addi-
tionally, mussel filtration rate was assumed to be reduced at
low salinity. Not having any information for Brachidontes,
we used the same salinity relationship used for oysters [15].

3.2. The hydrodynamic model

3.2.1. Grid configuration
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, Missis-
sippi [14,36–38]. A finite element model subdivides a hor-
izontal region into a number of subregions known as ele-
ments, that are defined by their nodal points located along
the sides of elements [39]. Small elements result in fine
resolution, which is necessary where depths and velocities
vary most significantly [36]. A major advantage of the finite
element method in estuarine systems is the ability to inde-
pendently assign elements of variable resolution and place
nodes at arbitrary locations [40].

The domain of the finite element circulation model ex-
tends over Galveston Bay, Texas and the near-coastal shelf
region. The circulation model is three-dimensional (depth
variation allowed) with the exception of the West Bay re-
gion west of the Pelican Island Embayment and the offshore
areas where the model is two-dimensional (depth-averaged).
The present-day (1993) ship channel configuration, is de-
fined using 1,996 surface elements defined in three dimen-
sions by 6,190 nodes. The three-dimensional grid may be
one element deep in the shallow areas of the Bay or up to
three elements deep in the channel [14]. In total, there are
5,112 elements in this grid defined by 12,270 nodes. The
enlarged ship channel configuration contains 2,278 surface
elements with a commensurately larger number of surface
and subsurface nodes.

The resolution (element size) of the finite element grid
is variable. In the horizontal, the resolution ranges from
fractions to tens of kilometers. The finest horizontal resolu-
tion is in the Houston Ship Channel and in the surrounding
shallow Bay areas; the coarsest resolution is on the adjacent

Gulf of Mexico. Similarly, the finest vertical resolution is
in the Houston Ship Channel where depth is most variable.
Detailed grid maps can be found in Berger et al. [14] and
USACE [4].

3.2.2. Model equations
The finite element model provides simulations of the hor-

izontal and vertical circulation and salinity distributions in
Galveston Bay obtained from the momentum equations, the
volume continuity equations, and the advection-diffusion
equation for salinity transport. The momentum equations
are of the form

∂u

∂t
+ ∇ · (�vu)− f v = − 1

ρ

∂P

∂x
+ ∇ · (AH∇u), (12)

∂v

∂t
+ ∇ · (�vv) + f u = − 1

ρ

∂P

∂y
+ ∇ · (AH∇v), (13)

∂w

∂t
+ ∇ · (�vw) = − 1

ρ

∂P

∂z
+ ∇ · (AV ∇w)− g, (14)

where the velocity �v = (u, v,w) are the east–west (x),
north–south (y) and vertical (z) components of the time-
varying (t) velocity, respectively. The last term on the left
side of equations (12) and (13) represents the Coriolis effect.
The terms on the right side of equations (12)–(14) represent
changes due to pressure (P ) and water density (ρ) and to
horizontal and vertical diffusion, where the values of the dif-
fusion coefficients (AH and AV ) differ in the horizontal and
vertical directions. The final term in equation (14) represents
the effects of gravity.

The equation for continuity of volume is written as:

∂u

∂x
+ ∂v

∂y
+ ∂w

∂z
= 0 (15)

and that for advection and diffusion of salt (S) is written as

∂S

∂t
+ ∇ · (�vS) − ∇ · ( �K∇S) = θS, (16)

where S is expressed in parts per thousand and θS is a source
or sink of salt.

By assuming that vertical accelerations are small relative
to horizontal motions, the vertical momentum equation is
reduced to the hydrostatic equation,

∂P

∂z
+ ρg = 0. (17)

3.3. Model implementation and environmental forcing

3.3.1. Wind stress, tides and bottom friction
Energy is added to the circulation model at the surface by

wind stress, which is assumed to be constant over the Bay.
Wind stress (�τw) at the water surface is calculated with the
following equation:

�τw = ρaCdw
�W | �W |, (18)

ρa is air density in kg m−3, Cdw (∼10−3) is the non-
dimensional drag coefficient, and �W is the wind velocity in
m s−1 [40].
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The wind time series used with the circulation model was
obtained from two sources. First, the Waterways Experiment
Station established a short-term (July 1990 through January
1991) meteorological station in the mid-section of Galveston
Bay. Second, long-term wind observations were available
through the National Weather Service for the Houston Inter-
national Airport [14]. The short-term time series was used
to calibrate the Houston International Airport wind measure-
ments to arrive at a long-term wind time series that is repre-
sentative of conditions in mid-Galveston Bay, by using the
following relationship:

| �WG| = 0.380| �WA| + 2.646, (19)

where | �WG| and | �WA| are wind speeds in m s−1 at Galveston
Bay and Houston International Airport, respectively [14].

Tides were imposed using data from a tide gauge located
on the Gulf of Mexico side of Galveston Island [38].

Energy is removed at the bottom of the circulation model
domain by bottom friction. The bottom stress (�τb) is ex-
pressed as:

�τb = ρwCdb�vb|�vb|, (20)

where ρw is water density in kg m−3 and Cdb (∼10−3) is the
non-dimensional drag coefficient.

3.3.2. Freshwater inflow
Freshwater inflow data for Galveston Bay were obtained

from the U.S. Geological Survey and the Texas Water De-
velopment Board for the period 1941–1987 (figure 2(A)).
Average freshwater inflow was calculated for each year and
the years divided into the top 20% flow years, the bottom
20% flow years, and the middle 60% flow years, by total
annual volume. Monthly averages were then calculated for
these three data sets which yielded freshwater inflow time
series characteristic of high, low and mean freshwater inflow
years, respectively (figure 2(B)). In a typical year, freshwater
inflow is high in the spring and low in the late summer and
fall. High flow years are characterized by higher flows in all
months, but most of the increased flow occurs in the spring
months. Low flow years are characterized by lower flows
in all months, but most of the flow reduction occurs during
the spring (figure 2). The three time series for freshwater in-
flow (figure 2(B)) were each used to force the hydrodynamic
model.

The influence of three hydrologies on Galveston Bay cir-
culation, the present (1993) hydrology and hydrologies an-
ticipated for 2024 and 2049, was investigated with the cir-
culation model. The year 2024 was taken as a typical year
at the mid-life point of the Houston Ship Channel project
(assuming a 50-yr project assessment time). The estimated
hydrology was obtained from the Texas Water Plan and the
Houston Water Master Plan as they existed in 1990. The pri-
mary changes predicted from the present hydrology are a re-
duction in freshwater inflow in the Trinity River watershed,
principally caused by diversion of freshwater to supply the
needs of the Houston metropolitan area. Much of this water
ultimately comes back into the Bay, but into the San Jacinto

Figure 2. (A) Monthly flows for the eleven watersheds contributing sig-
nificantly to Galveston Bay freshwater inflow. Data supplied by the Texas
Water Development Board and the U.S. Geological Survey. (B) Monthly
mean flows for the low, mean, and high freshwater inflow cases and the

overall average. Data supplied by the USACE [4].

River watershed rather than the Trinity [4]. Thus, the 2024
hydrology contains a moderate decrease in freshwater inflow
and a significant redistribution of freshwater inflow into the
estuary.

Simulations were also run for 2049, chosen as the
50-yr project assessment time assuming completion of chan-
nel deepening in 1999 (this schedule has been delayed). By
the year 2030, all available San Jacinto and Trinity Basin
water supplies are assumed to be used with almost all in-
creases in water use coming from transfers of water from
nearby drainage basins. The 2049 hydrology retains the pro-
portionately increased flows into the San Jacinto Basin, but
also includes higher freshwater inflows overall than in 2024
due to the transfer of water from watersheds beyond the San
Jacinto/Trinity basins.

3.3.3. Temperature
Temperature values for the oyster model were derived

from hourly air temperature data for 1984 obtained from the
Houston International Airport [41]. Year 1984 was charac-
terized by average temperatures in nearly every month and
by near-mean freshwater inflow. These temperature values
were applied uniformly across the Bay system.
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3.3.4. Predator distribution
Time-invariant size frequencies and the spatial distrib-

ution of drills, crabs and mussels were obtained from the
Galveston Bay National Estuary Program (GBNEP) health
assessment [42] that occured over a three-week period in
April and May of 1992. During this time, 51 sites from all
major reefs in the Galveston Bay system were intensively
sampled. These 51 sites were used to calculate the size fre-
quency and spatial distribution of oyster drills, crabs and
mussels in each grid element of the finite-element hydrody-
namic model.

Element-specific abundances were obtained by assign-
ing each sample site to a surface grid element and assign-
ing the measured variable (e.g., crab abundance) to each
of the corner nodes of this element. Distances (Di,j ) were
calculated from each defined node to all other nodes using
Marble’s [43] method. The value of each unknown node
(Uj ) was obtained as the distance-corrected mean of the
known nodes (Ki) where

Uj =
51∑
i

D−2
i,j∑51

l D−2
l,j

Ki . (21)

The variable value for each unsampled surface grid element
was then obtained as the mean of the corner nodes. In
addition, correlations between salinity and mussel number
showed that mussels were rarely found at salinities above
14‰. Thus, when salinity exceeded 14‰ during the course
of a simulation, mussel density was reset to zero to agree
with observed field distributions [29].

3.3.5. Chlorophyll and total suspended solids
Chlorophyll a (µg Chl a l−1) and TSS (g l−1) were sam-

pled (surface and near-bottom) at 32 sites at monthly inter-
vals between October 1991 and September 1992 [29]. El-
ement values were obtained using equation (21) and, for
chlorophyll, converted to food (mg AFDW l−1) using the
total lipid, carbohydrate and protein conversion of Soniat
et al. [44]. The TSS and food concentrations supplied to
oysters in the oyster-circulation model come from the near-
bottom samples. Areas of high food availability for oys-
ters, averaging 2.2 mg AFDW l−1, are located to the east
of the Houston Ship Channel. The areas of low food avail-
ability to oysters, averaging 1.6 mg AFDW l−1, are located
within or to the west of the Houston Ship Channel [45].
With the exception of the Pelican Island Embayment, ar-
eas of high TSS, averaging 0.14 g l−1, fall to the east of the
ship channel. Areas of low TSS, averaging 0.07 g l−1, are
in the northern reaches of, or to the west of, the Houston
Ship Channel [45]. TSS in Galveston Bay consists primarily
of suspended sediment and refractive detrital material [46].
Consequently, TSS acted principally to reduce oyster filtra-
tion rate as a consequence of higher sediment load, rather
than to increase oyster food supply. The food and TSS con-
centrations supplied to the larvae are the averages of sur-
face and near-bottom observations. Because the observed
food and TSS concentrations at the surface are lower than

the food and TSS concentrations near-bottom, the Bay-wide
larval food availability is 0.1 mg AFDW l−1 lower and the
Bay-wide TSS concentrations 0.05 g l−1 lower on average
than that for post-settlement oysters.

3.3.6. Numerical scheme
The coupled post-settlement/larval model was solved nu-

merically using an implicit (Crank–Nicholson) time step-
ping scheme. Each model simulation was run for 2 years
with a time step of 1 hr. The first year of the simulation
allows Perkinsus marinus prevalence and infection inten-
sity to equilibrate with environmental conditions. The size
frequency of oysters also comes into equilibrium with the
available food supply by the end of year one. The simu-
lated oyster distributions from year 2 are used for interpreta-
tion.

3.4. Data presentation

Eighteen simulations were run comparing two channel
configurations, three hydrologies (1993, 2024, 2049), and
three levels of freshwater inflow. These were (1–3) Galve-
ston Bay under the present (1993) configuration of the ship
channel and the present (1993) hydrology, during a year
characterized by (1) high, (2) mean and (3) low freshwater
inflow, (4–6) simulations of the same three freshwater inflow
conditions, but with the ship channel enlarged to 161.5 m
across and 13.7 m deep, (7–12) the same six simulations,
but using the projected bay hydrology for the year 2024, and
(13–18) the same six simulations, but using the projected
bay hydrology for the year 2049.

Results were tabulated for the entire bay system and for
18 bay subdivisions based on observed differences in food
supply, TSS level and salinity (figure 3). Although the model
provides estimates of many oyster population characteris-
tics, for this analysis, we focused on total biomass and the
biomass of market-size (�76 mm) oysters.

Low and high freshwater inflows for each hydrology
(1993, 2024, 2049) were computed using the lowest 20%
of the yearly freshwater inflows and the highest 20% over
a 46-yr period. Consequently, average results for each hy-
drology were calculated as the weighted averages of the val-
ues obtained for the low, mean, and high freshwater scenar-
ios for that hydrology in accordance with this apportionment
scheme:

average for hydrology

= 0.2 · low flow value

+ 0.6 · mean flow value

+ 0.2 · high flow value. (22)

The effect of the wider and deeper ship channel summed
over a 50-yr assessment time span (1999–2049) was ob-
tained by weighting the hydrologies according to their po-
sition in the 50-yr time line and calculating a weighted mean
value. The present hydrology was allocated 25% of the 50-yr
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(a) (b)

Figure 3. The eighteen bay sections used for calculation of channel impacts.

time span, the 2024 hydrology 50% of the 50-yr time span,
and the 2049 hydrology 25% of the 50-yr time span:

average for hydrology

= 0.25 · 1993 hydrology value

+ 0.50 · 2024 hydrology value

+ 0.25 · 2049 hydrology value. (23)

3.5. Model verification

The hydrodynamics model was extensively verified using
data obtained from a series of moorings deployed through-
out the Galveston Bay system [14]. The oyster population
dynamics model was examined by a peer-review committee
that extensively evaluated simulation accuracy [47]. Dek-
shenieks et al. [45] present base case simulations for the
three freshwater inflow scenarios, 1993 hydrology, original
channel configuration. Dekshenieks et al. [45] also review
the agreement of model simulation with field observation for
the mean freshwater inflow case and observed good agree-
ment overall. Only two bay regions require cautionary notes.

First, simulated oyster densities in the Pelican Island Em-
bayment (cf. figure 1) frequently were high even though few
oysters are present today in the area. This embayment is
presently connected directly to the primary inlet, Bolivar
Roads, and its connection with the main bay system is lim-
ited by the Texas City Dike. In all likelihood, the high flush-
ing rate reduces recruitment in this embayment. Our model
does not take larval transport into account and so cannot sim-
ulate the conditions in this embayment adequately. It is inter-
esting, however, that the northern shore of this embayment,
where the highest oyster biomass is observed in the simu-
lations, at one time sustained the primary oyster fishery in
Galveston Bay [7], a fishery that failed after the erection of
the Texas City Dike. Our simulations suggest that this fail-
ure is not due to environmental conditions of food, salinity

or temperature, but to a decrease in water residence time and
reduced larval availability.

Second, the results for West Bay are also likely to be less
robust than for the remainder of Galveston Bay. The grid for
West Bay used in the hydrodynamics model did not include
the restriction in flow between North and South Deer Island,
nor did it contain the Intracoastal Waterway which diverts
freshwater inflow away from the central part of West Bay.
West Bay was represented by vertically-averaged (2D) dy-
namics that likely underestimated salt flux and flushing. De-
spite these short-comings, the simulated oyster populations
follow trends observed in West Bay. Oyster biomass was
normally highest near South Deer Island and lowest in the
Carancahua Reef area. Nevertheless, these short-comings
suggest that estimates for West Bay should be treated more
cautiously than estimates for other areas. Because reef
acreage in West Bay is relatively large, it has a dispropor-
tionate contribution to Galveston Bay-wide totals. Thus,
Galveston Bay-wide totals should also be treated cautiously.

Finally, the high freshwater inflow simulation generated
unusually low standing stocks in areas where low-salinity
mortality was significant because larval survivorship was
negligible and the addition of larvae from the surrounding
bay system was not allowed. However, the fact that local
recruitment provided realistic estimates of standing stocks
over wide areas of Galveston Bay and over a range of fresh-
water inflow conditions is noteworthy. It suggests that larval
mixing is not as important in this bay as may often be the
case [48–50]. The long water residence time in this bay [1]
and the fact that bay sections are clearly delineated by nat-
ural boundaries determined by bay physiography and hydro-
dynamics probably explain the success of the “local-source”
assumption.

Nevertheless, because certain bay areas may occasion-
ally provide unusual standing stock estimates, comparisons
were not made on absolute biomass estimates. Rather, we
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Table 1
The fraction of total acreage of oyster reef in Galveston Bay in which total or market-size (�76 mm) oyster biomass increased with the proposed larger
channel configuration when compared to the present configuration under the present, 2024, and 2049 hydrologies under conditions of low, mean and high
freshwater inflows. The Bay areas are condensations of the 18 bay areas depicted in figure 3: West Bay (West Bay, West; West Bay, Central), Trinity
Bay (Trinity Bay, Southeast; Trinity Bay, Northwest), Galveston Bay, North (Clear Lake Embayment; Red Bluff to Morgan Point; Galveston Bay, North;
Trinity Bay, Southwest; Houston Ship Channel, Clear Lake Reach; Houston Ship Channel, Morgan Point Reach), East Bay (East Bay, West; East Bay,
East), Galveston Bay, South (Pelican Island Embayment; Texas City to Dollar Point; Dickinson Embayment; Galveston Bay, Central; Houston Ship

Channel, Dickinson Embayment Reach; Houston Ship Channel, Texas City Reach).

Location Low inflow Mean inflow High inflow

Total Market Total Market Total Market
biomass biomass biomass biomass biomass biomass

1993 hydrology
West Bay 0.453 0.440 0.453 0.440 0.453 0.499
Trinity Bay 0.304 0.655 0.898 0.573 0.981 0.983
Galveston Bay, North 0.477 0.642 0.751 0.789 0.973 0.971
East Bay 0.002 0.366 0.181 0.350 0.590 0.502
Galveston Bay, South 0.315 0.474 0.790 0.667 0.955 0.718

Bay totals 0.359 0.483 0.600 0.570 0.754 0.672

2024 hydrology
West Bay 0.453 0.440 0.453 0.440 0.453 0.000
Trinity Bay 0.926 0.613 0.776 0.906 0.930 0.992
Galveston Bay, North 0.499 0.658 0.610 0.682 0.948 0.893
East Bay 0.001 0.378 0.064 0.298 0.116 0.499
Galveston Bay, South 0.309 0.459 0.631 0.565 0.637 0.524

Bay totals 0.364 0.480 0.499 0.522 0.569 0.439

2049 hydrology
West Bay 0.453 0.440 0.453 0.440 0.453 0.146
Trinity Bay 0.842 0.561 0.896 0.871 0.871 0.824
Galveston Bay, North 0.511 0.681 0.816 0.772 0.964 0.969
East Bay 0.000 0.383 0.313 0.365 0.160 0.463
Galveston Bay, South 0.320 0.483 0.669 0.715 0.823 0.647

Bay totals 0.367 0.491 0.586 0.598 0.642 0.527

tallied the acreage in which oyster biomass increased or de-
creased after channel enlargement regardless of the degree of
increase (or decrease) and compared that to the total acreage
present.

4. Results

4.1. 1993 hydrology

Introduction of the enlarged ship channel into the Bay un-
der the present (1993) hydrology resulted in increased oyster
biomass in all areas except parts of East Bay, West Bay and
Redfish Bar. Biomass increases on more than 50% of the
reef acreage after channel enlargement except under condi-
tions of low freshwater inflow (table 1, figure 4). Positive
effects of the larger channel are particularly apparent un-
der high and mean freshwater inflow conditions upbay of
the Redfish Bar/Hanna Reef Tract (figures 4(b) and 4(c)).
Negative effects, defined as areas where oyster biomass de-
creased, are particularly apparent under low and mean fresh-
water inflow conditions in East Bay and under low freshwa-
ter inflow conditions throughout much of the bay (table 1).

Increased oyster biomass resulted from the upbay move-
ment of the isohalines, which reduced the impact of low

salinity in the upbay reaches. Increased oyster biomass
also resulted from the expansion of the isohaline structure
of the bay so that moderate salinities conducive to oyster
growth occupied more of the bay a larger fraction of the
time. However, increased salinity also encourages P. mar-
inus, particularly under low freshwater inflow conditions.
The tendency for central Galveston Bay (which includes
the southern margin of Redfish Bar and the Hanna Reef
Tract) and East Bay to be most deleteriously affected (ta-
ble 1) is a product of the increased activity of P. marinus.
Epizootics occur, particularly under mean and low freshwa-
ter inflow conditions, on Hanna Reef, the downbay edge
of Redfish Bar and downbay of Redfish Bar (figures 4(a)
and 4(b)).

4.2. 2024 hydrology

The same pattern of change was observed under the 2024
hydrology, however declines in oyster biomass were more
widespread within the bay and some significant declines
were also observed in the high freshwater inflow case (ta-
ble 1, figure 5). Introduction of the channel decreased oys-
ter biomass overall, but only slightly. In 2024, the acreage
where total oyster biomass increases with the larger channel
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(a) (b)

(c)

Figure 4. Results of simulations showing reef acreage positively and negatively impacted by channel enlargement in Galveston Bay for low (a), mean (b)
and high (c) freshwater inflows for the 1993 hydrology. Gray scales were obtained by comparing the enlarged channel and the present channel using the
following equation:

(enlarged channel – present channel)/(present channel). (24)
Positive values indicate cases where oyster biomass increased with channel enlargement. Depicted cases are for total oyster biomass (a) and market-size

(�76 mm) oyster biomass ((b) and (c)).

is slightly below 50%, with most of the negative effect occur-
ing under low freshwater inflow conditions. In most cases,
the fraction of reef acreage positively impacted by channel

enlargement is less than in 1993, and this is particularly true
under conditions of high and mean freshwater inflow (fig-
ures 5(b) and 5(c)).
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(a) (b)

(c)

Figure 5. Results of simulations showing reef acreage positively and negatively impacted by channel enlargement in Galveston Bay for low (a), mean (b)
and high (c) freshwater inflows for the 2024 hydrology. Gray scales were obtained by comparing the enlarged channel and the present channel using
equation (24). Positive values indicate cases where oyster biomass increased with channel enlargement. Depicted cases are for market-size (�76 mm)

oyster biomass ((a) and (b)) and total oyster biomass (c).

Most of the reduction in the acreage positively affected
under low and mean freshwater inflow relative to present-
day can be attributed to the substantial reduction in oyster
biomass in East Bay where P. marinus epizootics are encour-

aged (figures 5(a) and 5(b)). East Bay is also negatively im-
pacted under high freshwater inflow conditions (figure 5(c)).
Besides East Bay, declines in oyster biomass were concen-
trated in West Bay, along the lower reaches of the Houston
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Ship Channel, and on parts of Redfish Bar. On the other
hand, oyster biomass increased over the majority of the re-
mainder of the Bay. Striking increases in oyster biomass oc-
curred in Trinity Bay and throughout Galveston Bay proper,
except under low freshwater inflow conditions (figure 5, ta-
ble 1).

In most cases, increased biomass resulted from improved
salinity conditions that resulted from the upbay movement of
the isohalines under mean and high freshwater inflow con-
ditions. Increased biomass also resulted from the expansion
of the isohaline structure of the bay so that moderate salin-
ities conducive to oyster growth occupied more of the bay
a larger fraction of the time. In most cases, areas sensitive
to P. marinus epizootics were negatively impacted by the in-
creased salinity; oyster biomass decreased. The change from
the present to the 2024 hydrology increases the likelihood of
P. marinus epizootics in these bay areas [29]. In most cases,
the larger channel exacerbates epizootics that have already
been triggered by 2024 conditions.

East Bay and West Bay are unusual in the largely neg-
ative impact of the larger channel observed during periods
of high freshwater inflow. This negative impact was not ob-
served under the present-day (1993) hydrology, suggesting
that the transfer of water from the Trinity River watershed to
the San Jacinto River watershed is responsible for increasing
the sensitivity of these two embayments to increased saltwa-
ter intrusion with the enlarged ship channel. Oyster popu-
lations in West Bay are sensitive to low larval survivorship
caused by small changes in salinity. East Bay receives flow
along its northern shore from the Trinity River as it bends
around Smith Point. Conditions along the northern shore
of this embayment are typically improved by the larger ship
channel (figures 5(b) and 4(b)). It is very likely that the re-
duction of flow around Smith Point results in the increased
sensitivity of oyster populations in East Bay to channel en-
largement under high freshwater inflow conditions.

4.3. 2049 hydrology

Overall, the results under the 2049 hydrology are very
similar to those for the 2024 hydrology, however declines
in oyster biomass were less widespread within the bay than
under 2024 conditions. In 2049, the acreage where total
biomass increases after channel enlargement exceeds 50%
of the bay’s oyster reef acreage, except under low freshwa-
ter inflow conditions, and the fraction of oyster reef acreage
positively impacted is about that observed in 1993 and con-
siderably above that observed in 2024 (table 1, figure 6).
Likewise, the acreage where market-size biomass is posi-
tively affected increases from 2024 values in all freshwa-
ter inflow scenarios. Most of the amelioration of conditions
in 2049, when compared to 2024, can be attributed to in-
creased oyster biomass in East Bay under mean freshwater
inflow conditions, where P. marinus epizootics occur less
frequently and where larval recruitment is increased.

Nevertheless, East Bay is still adversely impacted by ship
channel enlargement (figure 6, table 1). Decreases in oys-

ter biomass were also significant in West Bay and on parts
of Redfish Bar, but only for certain extreme freshwater in-
flow conditions (figures 6(a) and 6(c)). Striking increases in
oyster biomass again occurred in Trinity Bay and much of
Galveston Bay proper, particularly during times of high and
mean freshwater inflow (figure 6, table 1).

In most cases, channel enlargement exacerbates P. mar-
inus epizootics that have already begun as a result of 2049
conditions [29]. These areas of increased disease intensity
are balanced by increased oyster biomass in the remaining
areas of the bay, once again due to the improved salinity
conditions that result from the upbay movement of the iso-
halines. As under 2024 conditions, a strong tendency exists
for oyster biomass on reefs west of the ship channel to be
increased more by channel enlargement than reefs east of
the channel. The likely reason for this is the amelioration of
the negative impact of increased freshwater inflow in the San
Jacinto River watershed due to water diversion to the Hous-
ton metropolitan area. Increased salinity due to the larger
channel offsets the effects of lowered salinity in this area of
the bay.

4.4. Discussion

The simulations suggest that oyster biomass in Galve-
ston Bay will increase with enlargement of the Houston
Ship Channel. When assessed over a 50-year time span,
the amount of bay oyster reef acreage positively affected by
channel enlargement, as indicated by an increase in oyster
biomass, averages about 53% (table 2). The amount of bay
acreage positively affected by the larger channel, averaged
over the three freshwater inflow scenarios, increases moder-
ately under the present hydrology and the 2049 hydrology.
A slight decrease occurs in 2024 (table 3).

Simulations using the 2024 hydrology show a reduction
in oyster biomass over a slight majority (51%) of oyster reef
acreage. Much of this negative impact occurs under low
freshwater inflow conditions (table 1) and this difference is
determined by results in East Bay. In 2024, reduced freshwa-
ter inflow and increased saltwater intrusion push the optimal
areas for oyster growth somewhat farther upbay compared
to 2049. As a result, oyster biomass increases on average
on most reef acreage in Trinity Bay while oyster biomass
declines over most reefs in southern Galveston Bay (table 3).
East Bay is most directly influenced by the mixing of Trin-
ity River and lower Bay waters at the mouth of East Bay.
Reduction of Trinity River flow in 2024 sensitizes East Bay
oyster populations to the negative impacts of increased salin-
ity due to channel enlargement.

The negative impacts of channel enlargement are almost
entirely due to increased P. marinus induced mortality, al-
though the West Bay decline is exacerbated by a reduction
in larval survivorship. In the lower bay, increased salinity
accompanying channel enlargement increases the suscepti-
bility of oyster populations to P. marinus epizootics. Adult
mortality rises, fecundity falls, and recruitment declines.
Considering the simulations as a whole, declines in oyster
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Figure 6. Results of simulations showing reef acreage positively and negatively impacted by channel enlargement in Galveston Bay for low (a), mean (b)
and high (c) freshwater inflows for the 2049 hydrology. Gray scales were obtained by comparing the enlarged channel and the present channel using
equation (24). Positive values indicate cases where oyster biomass increased with channel enlargement. Depicted cases are for market-size (�76 mm)

oyster biomass (b) and total oyster biomass ((a) and (c)).

biomass were also noted in most simulations in East Bay,
on part of Redfish Bar, and along the lowermost reaches of
the Houston Ship Channel where P. marinus epizootics also
occured. Channel enlargement will permanently reduce pro-

duction on Hanna Reef in East Bay, along the southern ex-
tent of South Redfish Reef, and from South Redfish Reef to
Pasadena Reef. These latter two areas are sites of active reef
accretion today as the reefs expand downbay in response to
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Table 2
The fraction of total acreage of oyster reef in Galveston Bay in which to-
tal and market-size (�76 mm) oyster biomass increased with the proposed
larger channel configuration when compared to the present configuration
over a 50-yr assessment time. The fractions are a weighted average of the
three freshwater inflow scenarios (low, mean, high) and the three hydrolo-
gies (1993, 2024, 2049) (equations (22) and (23)). Bay locations are defined

in figure 3.

Location Total biomass Market biomass

West Bay West 0.000 0.014
West Bay Central 0.568 0.479
Pelican Island Embayment 0.766 0.835
Texas City to Dollar Point 0.824 0.848
East Bay West 0.143 0.355
East Bay East 0.140 0.447
Galveston Bay Central 0.454 0.447
Trinity Bay Southeast 0.923 0.696
Trinity Bay Northwest 0.850 0.822
Red Bluff to Morgan Point 0.997 0.924
Clear Lake Embayment 0.732 0.758
Dickinson Embayment 0.732 0.663
Galveston Bay North 0.929 0.849
Trinity Bay Southwest 0.832 0.900
Houston Ship Channel 0.887 0.902

Morgan Point Reach
Houston Ship Channel 0.620 0.708

Clear Lake Reach
Houston Ship Channel 0.609 0.135

Dickinson Em. Reach
Houston Ship Channel 1.000 1.000

Texas City Reach

Bay totals 0.527 0.532

the Bay’s present salinity gradient and hydrodynamic struc-
ture. Much of the affected area in West Bay is already un-
productive as a result of P. marinus and higher predation
rates.

Usually, the declines downbay were more than balanced
by increased oyster biomass elsewhere due principally to
improved growing conditions promoted by increased salin-
ity. Increased salinity improves larval survival and increases
scope for growth in larvae and adults by decreasing respira-
tion and increasing feeding rate. The expected damage pro-
duced by the upbay movement of the isohalines and the con-
comitant increase in predation and disease produced by ship
channel enlargement does not materialize overall because,
at present, much of the central reefal area is just upbay of
optimal conditions for oyster production in the bay. Reefs
have been expanding downbay from this region for the last
20 years in response to a slight mismatch between the best
growing conditions as determined by salinity and food sup-
ply and the present location of hard substrate. Thus, an en-
larged channel returns more optimal conditions to those ar-
eas where significant reef acreage already exist [6].

The 20th century history of Galveston Bay includes a
substantial expansion of the Bay’s salinity gradient with the
removal of the original barrier reefs and, as a consequence,
a large increase in oyster production and significant reef ac-
cretion, particularly downbay of Redfish Bar. Increased oys-
ter biomass after enlargement of the Houston Ship Chan-
nel results from the further expansion of the salinity gradi-
ent upbay and outward (east and west) from the Houston

Table 3
The fraction of total acreage of oyster reef in Galveston Bay in which total and market-size (�76 mm) oyster biomass increased with the proposed larger
channel configuration when compared to the present configuration under the present, 2024, and 2049 hydrologies. The fractions are a weighted average

(equation (22)) of the three freshwater inflow scenarios (low, mean, high). Bay locations are defined in figure 3.

Location 1993 hydrology 2024 hydrology 2049 hydrology

Total Market Total Market Total Market
biomass biomass biomass biomass biomass biomass

West Bay West 0.000 0.058 0.000 0.000 0.000 0.000
West Bay Central 0.568 0.552 0.568 0.442 0.568 0.478
Pelican Island Embayment 0.856 0.896 0.712 0.806 0.784 0.833
Texas City to Dollar Point 0.809 0.835 0.865 0.901 0.758 0.755
East Bay West 0.221 0.364 0.046 0.345 0.258 0.366
East Bay East 0.254 0.486 0.140 0.400 0.026 0.502
Galveston Bay Central 0.596 0.494 0.370 0.350 0.479 0.596
Trinity Bay Southeast 0.910 0.713 0.960 0.661 0.863 0.748
Trinity Bay Northwest 0.895 0.662 0.810 0.908 0.884 0.811
Red Bluff to Morgan Point 0.998 0.921 0.997 0.895 0.996 0.987
Clear Lake Embayment 0.700 0.779 0.691 0.727 0.846 0.798
Dickinson Embayment 0.809 0.712 0.691 0.620 0.735 0.698
Galveston Bay North 0.992 0.949 1.000 0.956 0.723 0.535
Trinity Bay Southwest 0.854 0.901 0.824 0.896 0.828 0.908
Houston Ship Channel 0.873 0.900 0.874 0.897 0.926 0.914

Morgan Point Reach
Houston Ship Channel 0.678 0.764 0.519 0.670 0.766 0.726

Clear Lake Reach
Houston Ship Channel 0.672 0.234 0.581 0.086 0.602 0.134

Dickinson Em. Reach
Houston Ship Channel 1.000 1.000 1.000 1.000 1.000 1.000

Texas City Reach

Bay totals 0.583 0.573 0.486 0.497 0.553 0.562
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Ship Channel, so that moderate salinities conducive to oyster
growth occupy more of the bay a larger fraction of the time.
As a result, in most years, oyster biomass is increased. Reef
expansion subsequent to channel enlargement can be antic-
ipated on and north of Redfish Bar, from Buoy 63 on the
Houston Ship Channel north along the Houston Ship Chan-
nel, and, very likely, north and south of Red Bluff and in
Trinity Bay.

5. Conclusions

Introduction of an enlarged ship channel into Galveston
Bay is predicted to result in increased oyster biomass over a
50-year assessment time. A distinctly lesser increase is pre-
dicted to occur under 2024 conditions than under present-
day or 2049 conditions, but, overall, channel enlargement
exerts a positive impact on the bay. This is perhaps counter-
intuitive. Channel enlargement increases saltwater intrusion
into the bay and increased salinity is normally disadvanta-
geous to oyster populations. Channelization has often had
deleterious effects of this type [51]. Why increased saltwa-
ter intrusion does not result in a decrease in oyster biomass
in Galveston Bay is simply due to the recent history of the
bay in which the isohaline structure is no longer in equilib-
rium with the hard substrate required for oyster settlement.
Channel enlargement moves optimal salinities over more of
the present reef tracts where hard substrate is plentiful and,
consequently, production increases. The 2049 hydrology is
more positive than the 2024 hydrology because the 2024 hy-
drology moves the isohalines just a bit too far upbay. The
difference in the results of the 2024 and 2049 hydrologies
emphasizes the importance of accurate long-range predic-
tions of hydrological change in the Galveston Bay water-
shed.

Galveston Bay presents an unusual scenario in that the
bay exists under a condition of disequilibrium between oys-
ter reef distribution and hydrodynamics. Present reef expan-
sion is significantly influenced by the Houston Ship Chan-
nel. The vast bulk of reef expansion is occurring within
a restricted region around this channel today [6]. Reefs
are growing downbay in response to the changed isohaline
structure and also upbay along the parallel-trending spoil
banks. What is not included in this modeling study is the
ability for hard substrate to expand dramatically over a rel-
atively short time frame. In Galveston Bay, at least 2,000
hectares of new reef have been formed over a 20 year pe-
riod [6]. Thus, the 2049 simulation and to some extend
the 2024 simulation must be considered in the context of
the ability of the oyster populations to substantially modify
their habitat in a relatively short period of time. A more
detailed evaluation of impact would take into account the
likelihood of new oyster reef being produced on a large
scale.
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