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A note to the reader:

This document is the final report from project work performed and completed under the review
and approval processes of the Galveston Bay National Estuary Program (GBNEP) Management
Conference which was convened from 1990-1995 (see organizational structure on page v). The
information presented was intended to provide background information for Management
Conference deliberations in drafting of official policy in the Comprehensive Conservation and
Management Plan (CCMP).

The purpose of this study was to survey the oyster reefs of Galveston Bay and compare them to
the earlier surveys to quantitatively characterize the long-term trends in reef coverage.

This study is being published by the Galveston Bay Estuary Program (GBEP) of the TNRCC.
The GBEP was formed at the time The Galveston Bay Plan (the CCMP) was complete and
implementation of The Plan began. The GBEP has the responsibility to see that The Plan is
implemented by the many agencies and organizations who are partners under The Plan. State
funding for the program was secured under an agreement between the TNRCC and the Texas
General Land Office (GLO), as directed by the Texas Legislature.

This project was funded in part by the United States Environmental Protection Agency under
assistance agreement number CE-006550-01 to the Texas Natural Resource Conservation
Commission. The contents of this document do not necessarily represent the views of the United
States Environmental Protection Agency or the Texas Natural Resource Conservation
Commission, nor do the contents of this document necessarily constitute the views or policy of
the Galveston Bay Estuary Program. The mention of trade names or commercial products does
not in any way constitute an endorsement or recommendation for use.

Volume I refers to a set of maps that make up Volume II. Reproducing the large color
maps was cost prohibitive, therefore, the original set is available for viewing at the
Galveston Bay Information Center at Texas A&M University at Galveston.
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EXECUTIVE SUMMARY

Galveston Bay has accreted substantial reef in the last 20 years. The location and
mechanisms of reef accretion suggest that natural responses to changes in
circulation and salinity by the oyster populations are primarily responsible rather
than the direct production of new reef by man. These responses have been
primarily induced, however, by both natural and man-made events. These
occurrences include the construction of the Houston Ship Channel and the Texas
City Dike, the removal, by mechanisms not well documented, of the original Redfish
Bar, regional subsidence which has deepened the bay and facilitated shoreline
retreat, and, in the smaller satellite bays, the construction of channels for barge and
boat traffic. Local effects like leases, artificial reefs, and, in many areas, shell
dredging have had less impact over the last 20 years, although, certainly, shell
dredging significantly modified reef coverage in some areas prior to 1970.

Whether bay productivity has increased commensurate with the increased acreage
cannot be assessed without recourse to a population dynamics model. As some reef
has formed in present-day optimal locations, other reef, still extant, finds itself in
areas of reduced quality. With the exception of the Clear Lake Embayment, the
Mattie B./Tom Tom Reef area of the Hanna Reef tract and upper East Bay,
conditions are not so poor as to result in loss of acreage. However, it is not at all
clear how much productivity is required to balance the natural and
anthropogenically-mediated taphonomic processes that continually destroy shell
carbonate. Accordingly, the significant reef accretion documented by this survey
should not be construed as clear evidence for increased productivity in Galveston
Bay as a whole. Although certainly productivity has dramatically increased in
certain areas of the bay, productivity may have decreased commensurably in other
areas of the bay. A bay-scale population dynamics model coupled with direct
measurements of productivity in selected locations would be needed to estimate the
change in productivity caused by the relatively rapid changes in reef distribution as
it responds to a changed environment.

The geological stability of reefs in a bay like Galveston Bay is a misinterpretation
brought about by the observation of large masses of apparently stable carbonate
formed by oysters in the bay. In reality, over decades to half-century time scales,
oysters are capable of substantially realigning oyster reef tracts in response to a
changing environment. Under these conditions, which exist in Galveston Bay
today, the presence of oyster reefs should not be equated with productivity or with
optimal living conditions for oysters. Such an equation is only defensible when the
geological distribution of reefs is in balance with the bay's hydrodynamics, which is
certainly not the case today in Galveston Bay.

Examination of the spatial structure of community and health-related variables of
Galveston Bay oyster populations reveals that factors other than salinity play an
important role in determining the status of individual populations. The factors,



current flow and food supply being likely candidates, create patch sizes of 10 to
15 km in extent and produce directional trends that frequently do not run
perpendicular to salinity isohalines. The results of a onetime spatially-intensive
survey corroborate the integrated picture from an assessment of the 20-year trends
in reef accretion and loss which suggested that selected areas of the bay have a
much higher inherent productivity than others. Many of these areas are in the
moderate to high salinity regions of the bay downestuary of the 15 ppt line. This
inherently higher productivity occurs despite higher predator abundance and
significantly higher prevalence and infection intensity of Perkinsus marinus at
these sites.

Three sets of data, the reef survey, the health survey, and simulations by the
TAMU/ODU oyster population dynamics model, suggest that the most productive
regions of Galveston Bay under most conditions are the South Redfish
Reef/Dickinson Embayment area, the reefs adjacent to the Houston Ship Channel
southeast of Buoy 75, the Bull Hill area of the Hanna Reef Tract, and to some
extent the Deer Islands/Confederate Reef area of West Bay. These four areas
accreted the most reef in the Galveston Bay system over the last 20 years, they were
observed to be the most productive areas under the conditions of mean monthly
freshwater inflow and mean daily temperature in the model simulation, and they
generally produced the healthiest oyster populations in the health assessment, as
measured by oyster density, oyster biomass, size-frequency distribution, gonadal-
somatic index, Perkinsus marinus infection intensity, and condition index. Both the
health assessment and the simulation suggest that the South Redfish Reef and
Houston Ship Channel area could be a primary location for brood stock in Galveston
Bay.

Comparison of the field data and the model simulation also shows that the most
important discrepancy between observation and expectation occurs in the Pelican
Island Embayment and central West Bay. Whether due to restricted larval
availability or some unidentified source of environmental degradation, this area is
currently supporting much lower production than would be expected from known
conditions or which were observed prior to 1930 by Galtsoff. Probably, the Texas
City Dike is responsible for at least a portion of this discrepancy.

Finally it is interesting to note that the Redfish Bar area under pre-1900 conditions
was not productive. The reef was too shallow and production was limited by current
flow and a sharp salinity gradient. The productivity of the central part of Galveston
Bay from the Dickinson Embayment across the Redfish Bar Reef Tract would
appear to be the result of the dredging of the Houston Ship Channel and the
gradual expansion of reefs parallel to the new isohaline structure of the bay. The
data and model simulation demonstrate that local factors, probably related to food
supply and current flow, can override the negative effects of increased mortality due
to predation and disease and permit the production of healthy oyster populations in
relatively moderate to high salinity areas. The region of highest inherent
productivity in the bay, and also the region of greatest reef accretion, exists in the
isohaline gradient running sub-parallel to the Houston Ship Channel. Although
counter to standard dogma, the highest production is concentrated within the



higher salinity portion of this salinity gradient downestuary of the 15 ppt line,
which strongly suggests the importance of current flow and food availability as
determinants of local variations in population health.



Report 1:
THE STATUS OF OYSTER REEFS IN

GALVESTON BAY

By

Eric N. Powell, Junggeun Song, and Matthew Ellis

Department of Oceanography
Texas A&M University

Introduction

Oyster reefs make up one of the primary geological features of Galveston Bay. They
affect current flow and salinity and provide a primary substrate for a wide variety of
hard-bottom invertebrates and fish. The commercial oyster fishery in Galveston
Bay is one of the more important ones in the U.S. and the private (or
noncommercial) harvest of shellfish ranks Texas third in the country (Hofstetter,
1990; NOAA, 1991a,b). Accordingly, the oyster reefs play a pivotal geological,
ecological and commercial role in Galveston Bay.

Concern about the health of the oyster fishery and the oyster reefs is long-standing
(TGFOC, 1929; Eckhardt, 1969; Benefield, 1976). However, prior to the late 1960s,
few quantitative data were available for Galveston Bay despite the earlier surveys
in many of the central Texas bays (Moore, 1907; Moore and Danglade, 1915) and
elsewhere in the Gulf of Mexico (e.g. DeAlteris, 1988). In the late 1960s, the Texas
Parks and Wildlife Department began mapping the oyster reefs of Galveston Bay,
primarily in response to concerns about the extent of shell dredging activities
(Benefield and Hofstetter, 1976) and to map the commercially-productive reefs.
This survey was completed in the early 1970s. Since then, little additional
information has been collected.

The purpose of this study was to survey the oyster reefs of Galveston Bay and
compare them to the earlier surveys. Of particular importance were concerns about
the perceived loss of reef area and the lowering of relief on the remaining reefs.
Accordingly the primary objectives of this study were to re survey the areal extent
and relief of the principle reefs in Galveston Bay.

Methods

To accurately map an area as extensive as an entire bay system at moderate cost
requires a method (1) that can be used from a small research vessel, (2) that
requires only a modestly-sized crew, (3) that can be used in unfavorable weather



conditions, (4) which can rapidly discriminate bottom type while underway so that
the mapping plan can be continuously updated as new reefs are encountered, (5)
that accurately and clearly distinguishes bottom types so that little ground-truthing
is required, hence maintaining the boat continuously underway, (6) that permits a
relatively fast running speed, (7) that is capable of use in shallow (< 1 m) as well as
deeper (> 10 m) depths, and (8) that permits precise, rapid determinations of
position on a scale significantly smaller than the average-sized reef (often < 20 m in
shortest dimension). Methods used previously did not meet these requirements so
an improved technique was developed based on precise electronic navigation and an
acoustic profiler to differentiate bottom type while continuously underway.

Technique Description

Capabilities for discrimination of bottom type

A dual frequency acoustic setup consisting of a Datasonics Dual Frequency
Transceiver (Model DFT-210), a Datasonics towed fish with dual transducers (22
and 300 kHz) and an EPC Multichannel Chart Recorder (Model 4800) were chosen
for the survey. Primary identification of oyster reefs relied on the record from the
300 kHz channel. On the chart paper, an oyster reef appears as a dark, dense series
of spikes projecting well above the background signature from a mud or sand bottom
(Figure 1). DeAlteris (1988) noticed a similar signature with a 200 kHz transducer,
however the reliability of the signature was not satisfactory. He relied on a second
echo from the hard bottom. The 300 kHz signature is unambiguous. Although we
have not investigated the acoustic phenomena involved, we surmise that the oyster
reef signature results from more sound energy bouncing back to the transducer. In
the case of a muddy bottom, more of the sound energy is absorbed, thus the
signature is reduced. Sand and shell hash give an intermediate, fuzzy signature,
still readily distinguishable from reef or other oyster bottom.

In practice, we encountered only two bottom types that required occasional ground-
truthing to verify their non-oyster nature: clam beds and coarse shell hash usually
associated with points, nearshore sediments and dredge spoil. With experience,
coarse shell hash could be discriminated with relative ease and required little
ground-truthing. As examples, Figures 2 and 3 show typical returns from a spoil
bank adjacent to the Houston Ship Channel with and without an associated reef,
respectively. The faint second multiple seen clearly in Figure 3 and just showing
through the reef signal in a few spots on Figure 2 is characteristic of dredge spoil, at
least in Galveston Bay. With experience, most clam beds could also be
distinguished, however dense clam beds required ground-truthing. Figure 4 shows
a Rangia cuneata bed near Houston Point in Galveston Bay. This technique, then,
could be used to identify concentrations of most large epifaunal or semi-epifaunal
shellfish, not just oysters.

The 22 kHz record was used to discriminate reefs from oysters on muddy bottom or
spoil. In Galveston Bay, oysters occur on true reefs, with a hard basement, on spoil
banks next to dredged channels and scattered about on muddy bottom. The latter
condition is frequently found (1) on oyster leases used for depurating oysters taken
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from closed waters for later recapture and sale, (2) on the shore side of alongshore
reefs probably as old beach lines, and (3) in extensive areas of West Bay, of
unknown origin. The 22 kHz record was not always unambiguous, but usually
added important information on bottom type. Small reefs and towheads frequently
were too small to generate a reef-like subsurface signal although clearly reefal in
nature and the substrate under points (e.g. Red Bluff or Dollar Point in Galveston
Bay) frequently yielded a strong reef-like return presumably due to the relatively
hard basement material forming the point and the meager amount of sediment
accumulated upon it. In most cases, however, the three types of oyster bottom could
be distinguished accurately using the 22 kHz signal.

Configuration of acoustic system

In the field, the acoustic system provided reliable data even under unfavorable
weather conditions. Signal quality did not deteriorate in 1-m seas, during
thunderstorms, or in areas heavily trafficked by boats. Signal quality was
satisfactory in depths as shallow as 0.55 m (our minimum running depth) and as
deep as 12.5 m (our deepest depths) and at speeds higher than precise navigation
would allow (> 5.5 knots).

During data collection, the towed fish was lowered from a boom held perpendicular
to the boat, well in front of the stern to eliminate the effects of "prop-wash". As
many running depths were shallow, we positioned the fish < 0.1 m below the water
surface to prevent the towed fish from hanging up on underwater obstructions.
Signal quality was not affected. To keep the fish from hitting the boat's side during
turns and to maintain a proper orientation while underway, the boom was extended
1 m from the boat's rail and a tow rope was run from the fish to the bow to maintain
forward aspect during turns and to maintain a vertical downward-facing position for
the transducers while underway. The setup is shown in Figure 5.

The settings for the acoustic system will probably need to be adjusted for local
conditions to optimize signal quality. As a guide, the transceiver settings we used
were:

300kHz 22kHz
Pulse Length 1.0msec O.lmsec
Output Attenuation -10 dB -3 dB
Band Width 10 kHz 5 kHz
Gain Left: 0 Right: 3 Left: 0 Right: 13

The chart recorder was set to scan 100 msec with a chart speed of 150 lines in'1 and
was programmed to key out only once every 5 sweeps of the stylus. The highest
sweep rate was used because operating depths were 0.5 to 3 m. Each channel was
set as follows: Time varying gain (TVG), none; Threshold, negative stop; Gain, 1.6.



Determination of position and relief

Position was determined while underway using a Magellan Global Positioning
System (GPS). Loran C proved to be too inaccurate for precise mapping. A Coast
Guard differential beacon receiver was added to correct the GPS signals during
periods when they were degraded by the U.S. Navy. We emphasize the necessity of
using a GPS system for accurate determinations of position. Many reefs were less
than 20 m across in shortest dimension and larger reefs had significant variations
in relief of a similar scale. In practice, the precision of our GPS unit was within
0.01 min latitude and longitude on all days. The NOAA-27 datum was used to
conform to previous charts of the area.

The frequency at which positions were updated by the GPS unit limited maximum
running speed to 5 knots. At speeds greater than 5 knots, the positions of reef
details and boundaries could not be accurately recorded. In practice, we used a 4-to-
5 knot window for running speed that proved adequate for all applications.

Relief was recorded while underway using an Apelco fathometer. Pictures of the
fathometer screen were taken with a 35 mm camera (film speed 1000 ASA) to
record relief of all reefal area because relief changed too quickly to be recorded
manually while underway. A chart recorder attached to the fathometer would have
been an adequate alternative. Fathometer accuracy declined at depths < 0.8 m. We
found that a substantial change in running speed affected the depth reading so that
maintaining a constant running speed was required throughout a line.

Procedure for data collection

Use of an autopilot permitted the pilot to record fathometer data (by taking pictures
of the fathometer screen) and positions as well as tend to navigational duties. A
second person ran the acoustic profiler. The chart recorder was continually
monitored and annotated with position and depth information at least once every
minute. When reefs or rapid changes in bathymetry were encountered, positions
and depths were recorded at more frequent intervals. Further details of reef relief
and position were taken from the pictures of the fathometer screen and calibrated
with the chart recorder knowing the speed of the chart paper and the fathometer
screen. With a little practice, the entire operation could be easily performed by two
people.

For data collection, N-S and E-W lines were run on a 0.125 min grid in areas with
reef. An 0.25 min grid was used to map uncharted areas. Subsections having reefal
components were then mapped using the 0.125 min grid. The grid choice was a
compromise between (1) the detail required to adequately assess reef coverage and
the accuracy of positions permitted by the GPS unit and (2) the time required to run
the lines. Smaller or larger grids might be used in other applications.
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Survey limitations

The mapping survey was designed to cover the portions of the bay known or
suspected to have substantial oyster reefs. The survey began in East Bay, then
covered the eastern portion of Galveston Bay south of Smith Point and Trinity Bay.
The survey then moved to Morgans Point and turned south covering the western
half of Galveston Bay. West Bay was surveyed last.

As the survey continued, we recognized that substantial reef was present in areas
not surveyed by the Texas Parks and Wildlife Department (Benefield and
Hofstetter, 1976). As such, the original plan of covering just those portions of the
bay having known reef with an 0.125 min grid was modified during the project. We
began to cover large areas of the bay, regardless of whether they contained known
reef or not, with an 0.25 min grid and then concentrated our efforts using an 0.125
min grid in areas where reef was actually observed. For this reason, the bulk of
central Galveston Bay and West Bay were mapped at least with an 0.25 min grid
and a substantially larger area was mapped with an 0.125 min grid than originally
deemed necessary from the circa-1970 survey of Benefield and Hofstetter (1976).
Some portions of Trinity Bay and East Bay remain uncharted. The reader is
cautioned to distinguish the absence of reef in unsurveyed areas from that of
surveyed areas. The former is possibly an artifact of the incompleteness of the
survey: the latter is a true absence of reef. Maps in map sets 1 and 2 (published in
both in the Map Appendix in this volume and in Map Atlas: Volume II) show the
distribution of transect lines that were run in the Galveston Bay system.

Laboratory Analysis

Depths were obtained from field measurements and from pictures of the fathometer
when depth changes occurred too rapidly to record them in the field. The speed of
the fathometer trace was calibrated with the chart recorder recording the acoustic
data so that depth changes obtained from the pictorial record of the fathometer
screen could be correlated with changes in substrate type obtained from the acoustic
data. Because depth changed during the day and from day to day with the tides
and wind setup, the bathymetric data were standardized to a constant datum. To
do so, we extended the 0.125 min grid used in data collection beyond the reef
boundaries out over areas of relatively-deep, flat muddy bottom so that each line
and the intersection of several N-S and E-W lines occurred in areas where the depth
record was most accurate and where depth changes were minimal. This permitted
an internal standardization of depth between lines run at different times, all of
which could then be corrected to mean sea level by one standard correction. The
internal standardization involved identifying all line crossings in which depth
records fell within 0.06 min of each other over non-reefal bottom and in areas where
depth changed by less than 0.15 m in 0.125 min. The median depth difference for
all such cases for any one line was used to determine the correction for that line to
the internally-standardized depth. In practice, about 90% of the lines could be
corrected automatically by computer using this approach. A few lines, which
perforce by their location extended nearly exclusively over reef or over areas of



substantial depth change, were corrected to the internally-standardized depth by
hand.

The Army Corps of Engineers tide staff at Eagle Point was used to calibrate the
bathymetry to mean sea level. Line 906 was the datum line which began at the
Eagle Point tide gauge. As this line fell in the center of the surveyed area,
excepting West Bay and the eastern portion of East Bay, little or no cumulative
error was recorded in utilizing this single line for the bathymetry calibration.
Depths in southern West Bay and the Christmas Bay-Bastrop Bay area may be less
true to mean sea level because of their distance from this tide gauge; however
internal standardization produced no obvious artifacts even at this distance from
the datum line.

Reef designations were taken from the 300 and 22 kHz acoustic array. We
distinguished three bottom types; sandy or muddy bottom, oyster reef, and
unconsolidated shelly sediment (designated "shell on mud" on the accompanying
maps). The distinction between reef and unconsolidated shelly sediment was
somewhat arbitrary as was the distinction between the latter and sandy or muddy
(non-shelly) bottom. In general, oyster reef contained a hard substrate in the
immediate subsurface. Unconsolidated shelly sediment did not. Occasional ground-
truthing confirmed the general accuracy of this distinction, however every
individual case was not verified. Consequently the reader is cautioned to utilize the
general distribution of these bottom types as the more accurate datum versus any
individual location.

In many areas nearshore and in extensive areas in West Bay and its satellite bays,
the quantity of shell on the sediment surface gradually declined rather than
stopping abruptly. In these areas, it was necessary to arbitrarily define the
boundary between unconsolidated shelly sediment and sand or mud. In general, we
took the boundary as a shell content half the average regional high, so that
sediments designated as unconsolidated shelly sediment contained substantial shell
and areas designated non-shelly contained distinctly less shell. However, an oyster
dredge would undoubtedly recover shell in many of these latter areas.

With a few exceptions, the grid was sufficiently fine to define the extent and shape
of the reefs. Exceptions were the fields of towheads frequently encountered in oil
fields and occasionally elsewhere in the bay. Undoubtedly, many small towheads
were missed by the survey, however areas where towheads were common are
readily seen on the accompanying maps. Similarly, many small reefs along
channels and associated with leases may have been missed. However, the locations
where these types of reefs are common is readily observed. Accordingly, the
estimated areas are probably minimums for these locations in the bay.

We made no effort to survey the fringing reefs that outline many areas of the bay.
Typically a line of oysters a meter or so wide borders many of the bay shorelines in
depths of 0.5 m or less. In no case were these fringing oyster populations surveyed.
The acoustic apparatus was used throughout with two exceptions. First, certain
shallow central reefs were too shallow to be mapped. In these cases, we ran lines up
to these reefs on both sides and estimated the depth in-between. Estimations of
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areal extent were not compromised by this method, however depths shallower than
0.8 m are estimates only. Secondly, in the Deer Islands area and the Christmas
Bay sector (Christmas Bay, Chocolate Bay, Oyster Lake, Bastrop Bay) of West Bay,
the poling method was used because the extensive shallow water areas prohibited
the use of the acoustic array. We ran calibration lines using both methods. In
practice, reef (hard substrate) was equivalently identified by both techniques.
Unconsolidated shelly sediment, however, was occasionally not equivalently
distinguished from sand and mud using the regional high as the criterion for
determining the boundary between the two sediment types. However, the
calibration lines allowed us to correct for this bias. Accordingly, accuracy was not
affected by the use of the poling method in these areas.

While poling, substrate type, depth and position were recorded no less frequently
than 0.05 min latitude or longitude. Although the acoustic survey provided a
continuous record, the data used for production of the accompanying maps utilized
substrate type, depth and position data obtained from the continuous survey in
approximately the same intervals of latitude and longitude so that the distribution
of substrate and the bathymetric contours depicted on the maps were based on
similar data qualitatively and quantitatively for the two survey methods.

Although Rangia beds were surveyed near Morgans Point, near Cedar Bayou and in
middle Trinity Bay, we did not include Rangia beds in the survey results. The
acoustic array could be used to survey these beds, however.

Data processing

Once the depth corrections were completed, the data were processed for use by a
Geographic Information System (GIS) to produce the maps which accompany this
report. We used Arc/Info software. Three types of maps were created for each bay
area. The bathymetry and transect line map shows the locations where the
bathymetric data were obtained and the locations of interpolation or extrapolation
by the Contour subroutine (TINS). Similarly, the reef and transect line map shows
the location where substrate was determined and the locations of interpolation and
extrapolation by the Thiessien subroutine (TINS). This map also shows the polygon
structure obtained from the Dissolve subroutine (Overlay) and the numbers of the
polygons used to estimate the area of each reef. The bathymetry and reef map
relates the bathymetry to the reefs for estimation of relief and areal extent. Of the
three map types produced, only the reef and transect line maps, and the bathymetry
and reef maps were published in Map Atlas: Volume II.

Sixteen sets of large format maps were generated (these are published as map sets 3
through 18 in Map Atlas: Volume II). Each map covered 6 min in latitude and 6 or
9 min in longitude. In each case, a border of 0.01 degree was included.
Consequently, adjacent maps overlapped by 0.02 degrees. The purpose of this
border was to remove boundary effects that were present in the bathymetry
contours. The reefs, themselves, generally had few significant boundary effects.
However, the bathymetry near the boundary was normally inaccurate. Accordingly,
only those data that fall within the central 6 x 6 or 6 x 9 min grid should be used.
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In a few cases, overlap exceeded 0.01 degree to maintain clarity of presentation.
These more extensive areas of overlap were for aesthetic purposes only and do not
indicate a graver problem with boundary effects.

The 0.125 min grid was too small to adequately define most channels. Only the
Houston Ship Channel was large enough to be adequately defined. No effort was
made to intensify the grid around other channels to better define the bathymetry.
Accordingly, the bathymetric detail of most channels should not be considered
accurate.

TINS was used to estimate reef area and bathymetric detail from the data. The
subroutine used to estimate reef area included the formation of Thiessien polygons
from the spatial array of latitudes and longitudes and substrate designations. The
Contour subroutine was used to generate the bathymetry. On occasion, errors in
the running of lines in the field or navigational constraints due to safety or depth
failed to provide sufficient data to adequately determine reef extent. In these cases
"g" lines were added to the data set during data analysis to constrain reef shape to
the standard 0.125 min grid. The location of these added data are shown on the
transect line maps accompanying this report. As a result, on the average, "g" lines
show areas where reef area is poorly estimated. Some lines were run just to tie in
the bathymetry. We recorded no substrate data from these "y" lines, but the depths
were field observations. Similarly, "s" lines were added to constrain bathymetry,
but these depths were added during data analysis using charts or estimates from
adjacent lines. Once again, no substrate data were collected on these lines.

The precision of substrate identification in the field has been previously described.
Bathymetric precision is hard to establish. In practice, in the field, depth changes
of 0.09 m were significant on any one line (measurements were made in feet).
However, experience in the depth standardization procedure suggests that the
precision of the bathymetry probably is no better than 0.15 m. Accordingly, we
used, as the smallest bathymetric contour, 0.25 m. This is at or near the limit of
precision. Depth changes exceeding 0.25 m are significant in every case.

Bay boundaries were included for ease of interpretation. We did not survey the 0.0
m contour. This contour was obtained by digitization from charts and should not be
considered to be as accurate as the bathymetry and reef data associated with the
transect lines. In addition, in most cases, the bay shoaled by about 0.5 m between
the end of the transect lines and the 0.0 m contour. Again, this extrapolation of bay
bathymetry is an approximation only. The bathymetry is only accurate within the
0.125 min grid (or 0.25 min grid) as shown by the transect line maps.

In determining the area of reefs, we summed the areas of individual polygons as
recorded on the reef/transect line map. In some cases, the resulting area was
equivalent to that generally associated with a known reef. San Leon Reef is an
example. In other cases, towheads or small reefs, which generated small "satellite
polygons", were included with the primary reef. Old Yellow Reef was an example.
In these latter cases, comparison to previous area measurements was difficult to
impossible. We chose to lump these small reefs under previous names rather than
erect a large number of new names for minor reefs. In a few cases, reef accretion
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has resulted in the loss of the discreteness of a previously named reef. In some
cases, we attempted to estimate the reef area (e.g. Archie's reef). In other cases, we
simply dropped the name from the maps (e.g. Shuttle Reefs). In every case,
interested readers can determine exactly which polygons were utilized for each reef
by referring to the reef/transect line map.

Results

Reef Description

Overview and Perspective

An overview of the bay showing the location of commonly referred to sections and
features can be found in the map appendix on page 179 or as Map Set 19 in Map
Atlas: Volume II. Reef and unconsolidated shelly sediments comprised a total of
41.6 square miles (10794.5 hectares) of the surveyed bay area. The surveyed area
included the majority of West Bay, East Bay, Trinity Bay, and Galveston Bay. Of
this, about 53.3% (5754 hectares) were in Galveston, East and Trinity Bays (Table
1). The remaining 46.7% was in West Bay and its satellite bays and the Pelican
Island Embayment. [We use the term embayment to refer to sectors of Galveston
Bay proper separated by significant points, islands, or man-made dikes and
channels as defined on this map. For example, the Clear Lake embayment is that
portion of the bay between Eagle Point and Red Bluff out to the Houston Ship
Channel. The Dickinson Embayment is that portion between the Texas City Dike
and Eagle Point out to the Houston Ship Channel.]

The survey did not cover the area northwest of Smith Point and between the barrier
reef tracts of East Bay. Although large expanses of reef are unlikely to be present
in these areas, the absence of reef as shown by the survey is due to the area's
omission from the survey rather than any failure of the survey to identify reef in
these areas. The authors believe that the first location is an area of potential reef
accretion in the future and should be considered in any future surveys.

The Galveston Bay system was subdivided into 11 sectors (Table 2). The majority of
the reef and unconsolidated shelly sediments of the bay were located in East Bay,
on and north of Redfish Bar in central Galveston Bay, in the Dickinson Embayment,
along the Houston Ship Channel, and in West Bay and its satellite bays. Sixteen
individual sets of charts depicting the distribution of reefs and unconsolidated
shelly sediments (map sets 3 through 18) plus two overview maps (map sets 1 and
2) can be found in the Map Atlas: Volume II. Trinity Bay, the Red Bluff/Morgans
Point Embayment and the Clear Lake Embayment contributed only 7.8% of the
bay-system total and only 12.8% excluding West Bay and the Pelican Island
Embayment. West Bay contributed 27.7% of the total and its satellite bays another
11.2%. The majority of shelly areas in West Bay proper were large expanses of
unconsolidated shelly mud with little or no relief. True reef was extensive in the
Deer Islands area and in the satellite bays north and west of San Luis Pass.

13



Natural Reef

The reefs of the Galveston Bay system were divided into those primarily of natural
origin and those primarily of anthropogenic origin. Natural reef was of five
distinctive types.

(1) Barrier reefs extended significant distances across the bay. Typically, these
reef tracts ran perpendicular to the prevailing shoreline. Examples include
Carancahua Reef and the Confederate/North and South Deer Island Reef
complex in West Bay, the Drum Village/Gale's/Middle Reef complex in East
Bay, the Hanna Reef complex in East and Galveston Bays, the Todds
Dump/Redfish Bar complex in Galveston Bay, Arcadia and Christmas Point
Reefs in Christmas Bay, and a series of reefs in Chocolate Bay off, for example,
Shell Point and Horse Grove Point.

(2) Smaller reefs extended perpendicular from shore throughout the Galveston
Bay system. Examples include Dow and Big Beezley Reefs in Trinity Bay,
Stephenson and Moody Reefs in East Bay, and Dollar and Red Bluff Reefs in
Galveston Bay. Most of these reefs were detached from the shoreline. The only
exceptions were a few reefs in East Bay such as Richard's Reef and most of the
reefs in the satellite bays of southwestern West Bay. Many, but not all, of
these reefs and the barrier reefs were associated with points suggesting an
underlying geological control. Most oyster reefs begin on local topographic
highs, whether natural or man-made.

(3) Alongshore reefs, like Levee Reef in Galveston Bay and Elliotts Reef in Trinity
Bay, probably follow drowned beach lines. These reefs, typically, are also
detached from the present shoreline. April Fools Reef is the significant
exception. Most of these reefs also contain significant fractions of
unconsolidated shelly mud and sand as well as consolidated reef. Alongshore
reefs were also common in Chocolate Bay, Oyster Lake and Bastrop Bay, but
these could not be attributed to the same causative mechanism. Many of these
latter reefs had little or no relief.

(4) Patch reefs and towheads [Hill and Masch (1969) define a towhead as a reef of
10 acres or less] were small to medium-size reefs roughly circular or
irregularly-elliptical in outline. This reef type was most common as it formed a
discontinuous line across the mouth of Trinity Bay, along the northern and
southern shorelines of East Bay, within the major oil fields and leased areas of
the bay (Anonymous, 1988; Hofstetter, 1990), and in the satellite bays of West
Bay.

(5) Expanses of low-relief unconsolidated shelly mud were surveyed in West Bay
and its satellite bays and in the Pelican Island Embayment. This bottom type
was not observed elsewhere in the Galveston Bay system.
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Anthropogenic reef

We attempted to estimate the amount of reef purposefully created by man or
originating as a result of man's activities in the bay. Overall, anthropogenic reef, as
a rough approximation, contributed about 18% to the reef in the Galveston Bay
system. Anthropogenic reef was of four types.

(1) Most oyster leases contained reef. Some leases were clearly located on
preexisting natural reef. Elsewhere, whether lease-associated reef originated
naturally or from shell planting could not easily be discerned.

(2) Besides lease-associated reefs, a number of other reefs originated as deliberate
shell plantings. Most of these reefs, termed artificial reefs (Benefield and
Hofstetter, 1976; Diener, 1975; Hill and Masch, 1969), originated as mitigation
projects for shell dredging or were designed to enhance the oyster fishery
(Benefield and Hofstetter, 1976). A listing for the Galveston Bay system is in
Lukins (in press). Only a rough estimate of the acreage of this reef type could
be made as many know sites occurred in areas occupied by natural reef so that
the area estimated may not have been entirely of artificial origin. We estimate
that leases and artificial reefs contributed about 1.4% of the total reef, 7.8% of
the anthropogenic reef, or 175 hectares of the Galveston Bay reef system (Table
3).

(3) Oil field operations, through the emplacement of shell pads and pipe lines,
accounted for significant reef development. Most oil fields contained a few to
many patch reefs. In some cases, such as north of Redfish Bar, these patch
reefs have coalesced to form extensive areas of shelly bottom mostly of low
relief. Linearly-trending sequences of patch reefs probably follow pipe line
routes. Once again, naturally-occurring reef probably exists in many of these
areas, but could not be differentiated from anthropogenic reef, so that an
estimate of reef area originating from oil field development can only be an
approximation. We tentatively attribute about 375 hectares, 3.5% of the reef in
the Galveston Bay system, or 19.1% of the anthropogenic reef to this mode of
origin.

(4) All significant channels were lined by spoil banks that served as sites for reef
development. [One of the primary requirements of reef initiation would seem
to be a small (even a foot or less) elevation above the surrounding bay bottom.]
These channels include the Cedar Bayou Channel, the Intracoastal Waterway,
the Dickinson Bay Channel, the Bayport Channel, the Chocolate Bay Channel,
and along the channels in Bastrop Bay. In all likelihood, little of this reef is
natural, so that this fraction of anthropogenic reef is estimated more accurately
than the former three. However, the acreage in Bastrop Bay was not included
because it proved impossible to consistently distinguish reef on channel spoil
from natural reef adjacent to the channels. About 382 hectares, 19.3% of the
anthropogenic reef, or 3.5% of the reef in the Galveston Bay system exclusive of
Bastrop Bay is of this origin.
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(5) Besides the smaller channels, the spoil banks lining the Houston Ship Channel
contributed significant reef to the bay system. Our estimates do not include
that portion of South Redfish Reef (the bay's largest reef) lining the ship
channel and so are certainly an underestimate, probably by several hundred
hectares. We estimate a minimum of 1092 hectares associated with this
channel, over half of all anthropogenic reef (55.7%), and 10.1% of the entire
reef area in the Galveston Bay system. Significantly, the reef along the
Houston Ship Channel contributes a minimum of 19% of the reef in the
Galveston Bay system exclusive of West Bay and the Pelican Island
Embayment and ranked as the third most significant single contributor to the
bay's oyster shell coverage behind Redfish Bar and the expanses of low-relief
unconsolidated shelly mud in West Bay.

Circa-1970/1991 Comparison

Background

Although a few long-term trends can be assessed using pre-1970s navigational
charts, the only quantitative comparison that can be made to the present survey is
that with the circa-1970 survey performed by Hofstetter and Benefield at the Texas
Parks and Wildlife Department (TPWD) (Benefield and Hofstetter, 1976; TPWD,
1976). Comparison of this survey with the circa-1970 survey rests on the
assumption that methodology and survey coverage were similar enough to yield
similar results. To this end, Benefield and Hofstetter were interviewed to obtain
firsthand information about the TPWD survey to permit a more accurate 20-year
comparison.

Besides differences accruing from the true reef accretion or loss over this period, a
number of discrepancies between the two surveys originate in the limitations in
technology in the circa-1970 period and in differences in the areas surveyed. The
circa-1970 survey was conducted using poling to determine substrate type and
sightings for position (Benefield and Hofstetter, 1976). It is a credit to this survey
team that many of the reefs, when compared to our survey, show only 10% to 20%
differences in areal extent between the two techniques, despite the limitations in
technology and navigation that faced them. Accordingly, the two methods, which
certainly define the edges of the reefs somewhat differently, yield qualitatively and
nearly quantitatively the same results. True reef accretion or loss might, therefore,
be identified with certainty.

The limitations of the poling method limited the circa-1970 survey in several ways.
First, small patch reefs were not surveyed. Surveys of areas of the bay, like Trinity
Bay and the sector north of Redfish Bar, that are dominated by patch reefs, were
limited because the running of long lines in search of small reefs by poling was not
practical. (2) Reefs in deep water (> 3.3 m) were generally not surveyed. Poling in
deep water was not practical and wave and current action made pole emplacement
for sighting difficult. The majority of the Houston Ship Channel reefs which exist in
3 to 7 m of water were not surveyed for this reason. (3) Many of the leased areas
were not surveyed. The circa-1970 survey concentrated on the known major reefs in

16



the bay because of concerns at that time about shell dredging activities. (4) Upper
East Bay and West Bay were not included in the survey. For West Bay, the
existence of extensive areas of unconsolidated shelly mud was known to the survey
team, but its areal extent made survey impractical with the standard poling
method.

Two additional problems relate to the method used to define reef area. Our survey
often identified small satellite patch reefs which were combined with the larger
"parent" reef in our estimates of reef area. Many such satellite reefs were not
surveyed in the circa-1970 survey. Accordingly, best comparisons were made
between reefs where most or all of the reef area was represented solely by the larger
reefs surveyed in both instances. Second, some discrete reefs surveyed in circa-1970
were no longer easily discernible today because clusters of reefs had coalesced to
form larger bodies. Under these conditions, only an approximate comparison could
be made. In certain cases, Shuttle Reefs and Ernest Reef north of Redfish Bar for
example, the reef itself could no longer be identified even approximately and the
name was deleted from the survey maps. Such instances are not the result of reef
loss, but of reef accretion and the improved precision of our method for surveying
fields of patch reefs.

Bearing these differences in mind, one can proceed to compare the results of the
present survey with the circa-1970 survey of Benefield and Hofstetter (1976).

East Bay

East Bay yielded 19 reefs which could be compared (Table 4), nearly all of the reef
in this part of the Galveston Bay system. Of the reefs that could be compared, the
circa-1970 survey recorded 1111.047 hectares. Our survey recorded 1214.951
hectares, an 8% increase in 20 years. The uppermost reefs in the bay, Frenchy's
Reef and Bob's Knob, lost a small amount of area; the remaining reefs were slightly
larger. Overall, few reefs varied substantially in size.

The two barrier reef tracts in East Bay, Middle/Gale's/Drum Village and Bull
Hill/Hanna Reef gained slightly. The large gain recorded for Pepper Grove Reefs
was due to patch reefs that were not surveyed in the circa-1970 survey; accordingly
the apparent increase could not be unqualifiedly considered as accretion over the
last 20 years. Most of the small perpendicular reefs along the north shore were
slightly larger in 1991. As both surveys were intensive in this area, this difference
can be accounted for either by reef accretion or a slight variation in the definition of
reef boundary between the two methods.

The East Bay area contained two uncharted reefal areas, a relatively large
extension of Hanna Reef to the southeast towards Sievers Cove, probably not
charted in the circa-1970 survey, and the upper bay patch reefs which were not
surveyed at that time. Lynn's Lump and Sand Reef could not be relocated in our
survey and several satellite reefs in the Gale's Reef/Middle Reef section could no
longer be distinguished as separate entities. Referral to charts and local accounts

17



suggests that the patch reefs of upper East Bay, Tong Reefs for instance, have lost
some acreage over the years as have Frenchy's Reef and Bob's Knob; however no
quantitative data are available.

Few data are available for comparison of relief. Reference was made to old charts
where possible (USCGS, 1855, 1907, 1921, 1924, 1957; NOAA, 1990). In general,
the Hanna Reef tract has gradually deepened since 1850 with the majority of the
decline since the 1920s. The loss of shell banks, islands and shell bars is not
unusual over this time frame (Marshall, 1954) and may be explained, in this case,
by regional subsidence (Gabrysch, 1984; Jorgensen, 1975; Ratzlaff, 1982). The
detachment of most reefs from the shoreline, a relatively unusual feature typical of
most Galveston Bay reefs, can be explained by shoreline retreat that has
accompanied subsidence in the area (Paine and Morton, 1986; Morton et al., 1983).

However, depth and relief should not be confused. Perusal of old charts reveals that
the relief of the Hanna Reef tract in the East Bay sector has varied relatively little
since 1850; certainly not enough to unequivocally conclude that a significant
reduction has occurred. Like most barrier reefs, the upestuary side contains lower
relief than the downestuary side, as the barrier reef has acted as a sediment dam.
Old charts compare well with current observations that relief rarely exceeded 0.3 m
on the upestuary side and was about 1.5 to 1.75 m on the downestuary side. As this
reef has been more heavily fished than other unleased areas of East Bay, no
evidence exists to support concerns that shell removal by the fishery is an important
process in reducing reliefer areal extent of oyster reefs in East Bay (Quast et al.,
1988; Marshall, 1954). Certainly, Marshall's (1954) estimate from Virginia of a
relief reduction of 0.17 m yr-1 due to the fishery would have been readily observed
had it been the rate sustained by the reefs in East Bay.

Benefield and Hofstetter (1976) and Benefield (1976) reported that parts of the
Middle/Gale's/Drum Village barrier reef tract and its extension Pepper Grove Reefs,
were heavily silted after shell dredging just prior to the circa-1970 survey, which
might explain the previously unsurveyed reef in the Pepper Grove area. Shell
dredging removed a considerable fraction of the total reefal coverage in this area
during the 1950s and 1960s (Rehkemper, 1969; Quast et al., 1988). Although much
of this area continues to have very low relief and dredge hauls often contain muddy
shell indicative of continued silting in the area, our slightly larger areal estimates
indicate that the reef tract has remained viable. The slightly larger areas for this
barrier reef may accrue from the removal of silt since the circa-1970 survey or real
accretion. In addition, one cannot exclude the possible value of the many leases in
the area in maintaining the viability of this reef tract. However, examination of old
charts reveals that only low relief reefs existed in this area throughout recorded
time, so that the present low relief has been a persistent feature of this area
regardless of the activities of man.

18



Trinity Bay

Overall, Trinity Bay contained about 290 hectares more reef than surveyed in the
circa-1970 survey (Table 5). As this area was replete with patch reefs and smaller
satellite reefs near the larger reefs, most of which were not surveyed previously,
only a few reefs offered direct comparisons. These fell into three categories: (1)
some reefs changed little in areal extent, like Big Beezley Reef, Clamshell Reef and
Dow Reef; (2) some had lost area, like Trinity Reef and Little Bird Reef, however the
total area lost was small; (3) some had gained considerably, like Tidewater Reef,
Outer Beezley Reef and Vingt-et-un Reef which about doubled in size and Lost Reef
which was half again as large as in circa-1970.

Trinity Bay contains a number of artificial reefs most originating as mitigation for
shell dredging activities (Benefield and Hofstetter, 1976; Benefield, 1976; Lukins, in
press). Of these, all but Trinity Reef had gained some area over the last 20 years.
None had gained substantial area. All big gainers were natural reefs.

Several significant discrepancies existed between the 1991 and circa-1970 areal
estimates. A large alongshore reef, referred to as Fisher and Elliotts Reefs in the
accompanying map folio, was probably incompletely surveyed in the circa-1970
survey. Our areal estimate is considerably larger. The large field of small patch
reefs associated with the oil field around Old Yellow Reef was combined with this
reef in our areal estimates, thus substantially increasing its estimated area
compared to the circa-1970 survey. These patch reefs were not surveyed in the
circa-1970 survey. A number of other patch reefs, including Ray's Reef, Little
Beezley Reef, and Upper Beezley Reefs were also unsurveyed in circa-1970. In total
a discontinuous line of patch reefs covers much of the upper half of the mouth of
Trinity Bay, an area greater than 20 square miles and too large to be surveyed by
the poling method used by Benefield and Hofstetter (1976). Finally, numerous
small reefs reported, but not surveyed, in circa-1970, along the south Trinity
shoreline were not found by our survey. In all likelihood, these reefs have
disappeared over the last 20 years.

The only relief comparison afforded by the old navigational charts is Fisher Shoals,
the relief of which is approximately the same as observed in 1855 (USCGS, 1855).
Evidence of subsidence comes from the shoreline detachment of most of the reefs
and the likely origin of portions of Fisher and Elliotts Reef as former beach lines.

Red BlufFMorgans Point Embayment

Very few reefs in this area could be used for comparison between the two surveys.
Of those that could be used, all showed slight to moderate growth in size over ~20
years (Table 6). Larger discrepancies include the following. (1) Bayside Reef could
not be relocated. (2) In all likelihood, reefs in the Cedar Bayou area were not
adequately surveyed in the circa-1970 period as they exist as a discontinuous field
of patch reefs at the mouth of the bayou and small reefs on the Cedar Bayou
Channel spoil banks. In addition, some may be the result of dredging activities
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since the circa-1970 survey. (3) No surveys were conducted in the East Red Bluff
and Bayport Channel areas in circa-1970. Our survey found a significant number of
patch reefs and reefs on spoil banks in this area.

Clear Lake Embayment

The total reef in this area has remained approximately constant since the circa-
1970 survey; however, individual reefs changed dramatically in size (Table 7). Most
reefs deep in the embayment lost significant reef area, including Bayview Reef,
Courthouse Reef and Humble Reef. Some, such as Courthouse Reef, were noted to
be silting up in 1970 (Benefield and Hofstetter, 1976) so that subsidence and
siltation are probably chiefly responsible for the lost reefal area. The Clear Lake
Embayment has subsided more than most of the remaining parts of Galveston Bay
(Jones and Larson, 1975; Gabrysch, 1984). Reefs farther out, like San Leon Reef,
Halfway Reef and Smith Reef, gained area.

-
Both artificial and natural reefs gained acreage and both artificial and natural reefs
lost acreage; hence location rather than mode of origin was important. Most of the
additional reefs included in the 1991 survey that were unsurveyed in circa-1970
were small patch reefs associated with oil field development and pipeline
emplacement in the central part of the embayment. Once again, shoreline
separation and the presence of alongshore reefs probably originated from regional
subsidence and shoreline retreat.

Dickinson Embayment

The amount of reef present in the Dickinson Embayment was significantly greater
in our survey than in the circa-1970 survey for four reasons (Table 8). (1)
Significant reef accretion occurred on a few reefs. (2) Several reefs, like Dollar Reef
and April Fools Reef, were not completely surveyed in circa-1970. Additionally,
both include substantial areas of semi-consolidated shelly sediment which may not
have been included in the earlier assessment. (3) The circa-1970 survey did not
attempt to cover the central portion of the embayment and thus did not record reef
associated with leases or the spoil banks along the Dickinson Channel. (4) Finally,
three major reefs, Pelican Reef, Desperation Reef (termed Parallel Reef by Masch
and Espey, 1967) and Resignation Reef, were not surveyed in circa-1970. Early
navigational charts show some relief in these areas suggesting the presence of reef
prior to the circa-1970 survey and Masch and Espey (1967) record some reef in this
area, however, as significant reef accretion occurred along the Houston Ship
Channel nearby, the origin or significant enlargement of these reefs through growth
since the circa-1970 survey cannot be ruled out.

With the exception of April Fools Reef, all nearshore reefs were detached from the
shoreline as observed elsewhere in the bay, probably due to shoreline retreat.
Rehkemper (1969) shows extensive reef south of Todds Dump. No reef was recorded
in this area by Benefield and Hofstetter (1976). We were unable to identify reef in
this region either.
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Dollar Reef occurs on all old navigational charts. Relief on Dollar Reef, about 1.7 m,
has remained more or less constant since 1855 (USCGS, 1855, 1907, 1921, 1924,
1957; NOAA 1990). Although Halfmoon Reef does not appear on the original 1855
navigational chart, it does so on all subsequent ones and relief has remained
approximately the same as observed during our survey throughout that period of
time.

West Bay/Pelican Island Embavment

These two sectors were not surveyed in the circa-1970 survey. The area contains
two barrier reefs, Confederate/North and South Deer Island Reefs and Carancahua
Reef, and several thousand hectares of shelly mud. This latter area supported an
important fishery in 1983-1984 and leases were located in both the Shell Island
Reef and Deer Island Shell areas as well as on Carancahua Reef in and before the
early 1960s. With the exception of North and South Deer Island Reefs and
Confederate Reef, the reefs and shelly mud in West Bay and the Pelican Island
Embayment are unproductive today. Accordingly, these large expanses of shelly
mud were present prior to the circa-1970 survey, as were the two barrier reefs
Carancahua Reef and Confederate/North and South Deer Island. Carancahua Reef
appears on the earliest bathymetric survey of the area.

Paine and Morton (1976) discuss the potential impact of the Texas City Dike in
reducing circulation to West Bay, particularly restricting flow from Galveston Bay
produced by northerly and easterly winds. In all likelihood, this reduced flow has
reduced oyster production in West Bay. Flow is an important requirement for
oyster populations (Keck et al., 1973; Grizzle, 1990; Powell et al., 1987). Burr (1929-
30) also noted only limited production in the area in the 1920s. This too was after
construction of the dike.

Satellite Bays of West Bay

Christmas Bay, Bastrop Bay, Oyster Lake, and Chocolate Bay were surveyed by
pole. With the exception of the northeastern half of Christmas Bay, reef and
unconsolidated shell were abundantly distributed throughout these smaller bays.
Reefs included barrier reefs, alongshore reefs, and reefs perpendicular to the
shoreline. Extensive reef buildup had also occurred along all dredged channels.
Unlike most other areas of the Galveston Bay system, the substantial areas of
unconsolidated shell were often composed of scattered oyster clumps partially
buried in the muddy substratum. This bottom type is common in smaller bays
along much of the Texas coast.

Because of the nearness of San Luis Pass and the paucity of oysters in lower West
Bay, these reefs are probably more or less isolated from the remainder of the
Galveston Bay system. One of them, Chocolate Bay, would be an ideal study area
because it encompasses the entire salinity gradient, has all reef types, has abundant
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reef and unconsolidated shell, and likely is self-supporting in having its own brood
stock rather than depending on outside sources of larvae.

No previous surveys have been conducted in these bays, so that historical trends in
reef area cannot be determined. Extensive reef development along channels in
Bastrop Bay and Chocolate Bay, however, indicates that reef accretion has occurred
in some areas of these bays during this century. With few exceptions, relief of the
reefs was less than 0.5 m. Average bay depths rarely exceeded 1.5 m, however.
Depths obtained from previous charts of the area suggest little change in relief, to
the extent changes can be determined in these poorly surveyed areas.

North Redfish Bar

Extensive coverage of patch reefs and consolidated patch reefs exist north of Redfish
Bar (Table 9). This area was not extensively surveyed in the circa-1970 survey so
that the apparently large increase in reefal area cannot unequivocally be considered
true reef accretion during that time. Rehkemper (1969) noted some reef in this area
in his mid-1950s survey. However, some reefs present in the circa-1970 survey,
including Shuttle Reefs and Ernest Reef, could not be distinguished today within an
extensive area of coalesced patch reefs, suggesting local consolidation of patch reefs
has occurred since circa-1970. Moreover, certain large natural reefs, Sheldon Reef
and Possum Pass Reef, have also increased considerably in size. Some of this
increase, however, originates in less consolidated shelly sediments which may not
have been included in the circa-1970 survey. No clear evidence of reef loss since
circa-1970 exists in the area.

Of particular note is the relatively limited amount of reef along the Chambers
County line, once the location of the original barrier reef in the bay, originally called
Redfish Bar (USCGS 1855, 1907; Eckhardt, 1969). Charts through 1927 show a
barrier reef, Redfish Bar, extending from Eagle Point (Edwards Point on the old
charts) to Smith Point. Three passes permitted water flow through this barrier reef
complex, West Pass, Middle Pass, and Opossum Pass. Only West Pass, which still
exists behind Redfish Island, was deeper than ~1.7 m. Stories of cattle drives across
Redfish Bar can certainly be substantiated by the bathymetry of the time. That this
barrier reef acted as a significant impediment to water flow and salt transport is
substantiated by Burr's (1929-30) description of the steep salinity gradients across
the bar.

The only present-day remnant of this original barrier reef is Todds Dump running
from Eagle Point to Redfish Island. East of the Houston Ship Channel, the present-
day equivalent, still called Redfish Bar, is centered between one and two miles
south of where this original bar was located and the Chambers County line where
the original bar was located is noteworthy for having only a few scattered patch
reefs along its extent from Redfish Island to Smith Point.

The original Redfish Bar is no longer present on the 1957 navigational chart
(USCGS, 1957 - partially based on a circa-1940 bathymetric survey), but is still
present on the 1927 chart (based on late 1800s and 1920s bathymetric surveys) and
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is specifically described by Galtsoff (1931) in his late 1920s survey of Texas oyster
reefs, so that the bulk of the original barrier reef probably disappeared between
1935 and 1945. L. Benefield (Texas Parks and Wildlife Department) stated that the
U.S. Military removed shell from Redfish Bar for base construction during World
War II, but exact records are unavailable. Records of shell dredging are insufficient
to determine whether shell dredging was responsible, but it is curious that the
western most portion, Todds Dump, and the other large Galveston Bay barrier reef
tract, the Hanna Reef tract, have remained in approximately the same location and,
with few exceptional spots, of about the same areal extent and relief as can be
estimated from the original 1850s survey (after 1963, however, these reefs were
protected from shell dredging by the Texas Parks and Wildlife Department's
designation of them as "major reefs"). As significant natural changes in reefs can
occur over half-century time scales (Marshall, 1954), one cannot conclude that the
progradation of Redfish Bar south by one to two miles was solely caused by the
removal of shell by shell dredging, but it seems likely that shell removal must have
been a contributing cause in the disappearance of the original barrier bar.

Redfish Bar

Significant areas of accretion and loss were observed along the present-day Redfish
Bar and the northerly extension of the Hanna Reef tract (Table 10). Both the
natural and man-made reefs in the area offered examples of accretion and loss, once
again demonstrating that location, not mode of origin, is of greatest importance in
determining the change in acreage since circa-1970. The principle area losing
acreage since circa-1970 was the Mattie B. and Tom Tom Reef portion of the Hanna
Reef tract. Old charts suggest that this area has been losing acreage continuously
since early in the century. At one time, only two natural passes existed through the
Hanna Reef tract, Ladies Pass and Moodys Pass (USCGS, 1907). It is likely that a
new natural pass has gradually been formed in the Mattie B./Tom Tom Reef area by
the outflow of the Trinity River, as discussed later.

Reef accretion and patch reef coalescence has occurred throughout the remainder of
the Redfish Bar area and the northern extent of the Hanna Reef tract, particularly
concentrated along the southern margin. The circa-1970 survey was particularly
intensive in the Redfish Bar area. As most of the accretion is enlargement rather
than the finding of new reefs, it is likely that the bulk of the ~500 hectares of new
reef observed has accreted in the last 20 years.

Incipient reef accretion on the southern edge of Bull Hill was noted as a shelly crust
over mud and shelly mud. A lobe of sediment extending south of this area was
noted during surveying to have scattered shell on it, although not enough to qualify
as unconsolidated shelly substrate. This scattering of shell may represent the
beginnings of continued reef expansion south of Bull Hill. Most of the satellite reefs
around South Redfish Reef, like Triangle Reef, Missing Reef, "C" Reef, and Archie's
Reef, can no longer be easily distinguished from South Redfish Reef. Smaller reefs
like Slim Jim Reef and Pasadena Reef have increased dramatically in size. South
Redfish Reef has nearly doubled in size with most accretion occurring along the
southern margin. New reef, in the Lost Beezley Reef area, has accreted south of the
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primary barrier bar in a line with Pasadena Reef, continuing a near-century-long
southerly progradation of Redfish Bar. Rehkemper (1969) recorded no significant
shell deposits between Pasadena Reef and Redfish Bar. Neither did Benefield and
Hofstetter (1976). These low relief reefs north and east of Pasadena Reef indicate
the beginnings of a major new reef complex in that area.

The rate of reef accretion is likely dependent on the subsurface geology in the area,
some portions of which include > 10 m of soft mud (BUG, 1992). The higher rate of
reef accretion on the southwestern section of Redfish Bar, as compared to the
opposite, Hanna Reef tract, side of the new pass forming near Mattie B./Tom Tom
Reef, is probably due to the lower stability of the soft bottom south of the Bull Hill
area.

Long-term changes in relief are more evident in the Redfish Bar sector than
elsewhere. North of the present-day Redfish Bar, along the Chambers County line,
considerable loss of relief has occurred, on the order of 1 to 2 m depending on
location and bathymetric survey. On the present Redfish Bar, relief has increased,
although exact quantification is difficult. Pasadena Reef has existed since at least
1855 (USCGS, 1855), at that time called Hannah Island. Hannah Island
disappeared prior to 1921 (USCGS, 1907, 1921) by which time up to 1 m of relief
had been lost in the area. It seems unlikely that regional subsidence was
responsible for this change since the bulk of the Redfish Bar and Hanna Reef tract
shell islands were still present at that time. No further changes in relief on
Pasadena Reef can be clearly differentiated since that time, however. Significant
reef accretion on the northeastern side of Pasadena Reef and the formation of Lost
Beezley Reef has not yet resulted in a significant increase of relief in this area.
Fathometer traces, in fact, demonstrate a flat bottom over most of this area despite
its oyster substrate.

Houston Ship Channel

Well over 1000 hectares of reef was identified along the Houston Ship Channel
(Table 11). From about buoy 63 to Morgans Point, the majority of this reef exists
between the channel edge and the crest of the spoil banks paralleling each side, in
the 2-3 m to 5-7 m depth range. Little reef coverage exists on the outer slope of the
spoil banks in this reach. We made no effort to survey above Morgans Point; reef
certainly exists in this area (e.g. site GBSC in Wilson et al., 1992). From buoy 63 to
approximately buoy 47, reef extends out from the ship channel edge across the
parallel-trending spoil banks and grades into the Redfish Bar reef tract and the reef
in the Dickinson Embayment. This process is a gradual one. From buoy 63 south
the reef gradually begins to extend farther and farther down the far or bay side of
the spoil bank from its crest to the surrounding natural bottom, finally moving out
onto the natural bottom as it grades into the Redfish Bar reef tract and the reefs
north of Redfish Bar. Establishing boundaries for computing reef acreage in these
areas proved difficult, so estimates of along-channel reef must be considered
conservative in this reach.
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Comparison to the circa-1970 survey shows a substantial increase in reef coverage
along the entire channel from buoy 47 to Morgans Point. Difficulties in surveying
by pole limited the circa-1970 survey and this limitation may account for a
considerable portion of the inequity. However, substantial accretion near the crests
of the spoil banks from buoy 63 to about buoy 47 certainly would have been
observed circa-1970 so that the evidence suggests dramatic reef growth over the last
20 years along the ship channel.

The Houston Ship Channel has been enlarged many times since its creation around
the turn of the century (USCGS 1907, 1921, 1924, 1957; NOAA, 1990). The last
significant enlargement occurred in the early 1960s. Although one cannot be sure of
the effects of that enlargement on the entire spoil bank system, a reasonable
conclusion is that the majority of the > 1000 hectares of reef along the Houston Ship
Channel has accreted over the last ~30 years.

Discussion

Circa-1970/1991 survey comparison

Comparison of the present 1991 survey with the circa-1970 survey of Benefield and
Hofstetter (1976) revealed several important trends.

(1) Significantly more reef and unconsolidated shell exists in the Galveston Bay
system then was heretofore appreciated. Our survey approximately doubles
the known area of reef and unconsolidated shelly substrate in the bay system.
A substantial fraction of this newly surveyed reef and unconsolidated shelly
sediment was present but not surveyed in circa-1970. However, among those
reefs where a precise comparison was possible between the 1991 and circa-1970
surveys, reef accretion rather than reef loss was the general rule. Reef
accretion was most noticeable in three areas: along the Houston Ship Channel,
at the southern edge of Redfish Bar and the Bull Hill extension of the Hanna
Reef tract, and in the Dickinson Embayment.

2) Reef loss, although minor overall, was concentrated in three areas; along the
southern shore of Trinity Bay, in the Mattie B./Tom Tom Reef area at the
northern end of the Hanna Reef tract, and in the inner portion of the Clear
Lake Embayment.

(3) Reefs originating through man's activities, whether associated with spoil banks
of channels, oil field development, or purposefully created (artificial reefs), did
not vary from natural reefs. Rates of accretion and loss were location specific
rather than dependent on the mode of origin of the reef. Clearly, artificial reefs
can be markedly successful, if sited correctly to enhance reef growth.

(4) The data available to assess changes in relief are very poor. Nevertheless, the
comparisons that can be made show substantial changes in relief in only one
area, Redfish Bar, which has, for all intents, prograded south since the turn of
the century. Relief on the remaining barrier reefs has not changed perceptibly.
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Depth, of course, has, but depth changes are mostly related to regional
subsidence. The single possible exception is in the vicinity of Mattie B. Reef.
Saying this does not necessarily discount the overall impact of shell dredging
prior to circa-1970; however most of that effort was not concentrated on the
barrier reefs (Benefield, 1970; Masch and Espey, 1967) which were usually the
only reefs indicated on navigational charts. The causative reason for the
disappearance of the original Redfish Bar cannot be precisely identified nor are
data sufficient to identify the possible recovery of the many smaller reefs in
East Bay and Trinity Bay that were impacted by shell dredging prior to 1970.

(5) The oyster fishery might impact relief and areal extent; relief because shell is
removed, areal extent because shell might be redistributed off reef onto leases
or the sides of fished reefs. Once again, appropriate data for comparison are
meager. No shell budget is available for any reef [shell budgets are reviewed in
Powell et al. (1989) and Cummins et al. (1986)] so that the fraction of shell
produced that is removed by the fishery, the fraction destroyed naturally by
taphonomic processes, which is likely to be substantial, and the fraction
preserved and thus available as cultch in subsequent years is unknown.
However, effects as large as Marshall's (1954) estimates of potential impact
would have been observed in a comparison of our 1991 survey to Benefield and
Hofstetter's (1976) survey of circa-1970.

No evidence exists for a substantial impact of the fishery on relief. Supporting
evidence from the 1991 survey includes the following, (a) Some of the most
heavily fished reefs have clearly not varied much in relief since the original
1850s survey (USCGS, 1855). (b) Relief of open and closed reefs (TDK, 1992)
does not vary uniformly. Some of each have relatively high relief (1-1.5 m) and
low relief (< 0.5 m). Relief is primarily controlled by local conditions and
individual reef history, (c) On the average, heavily fished reefs have accreted
more area in the past 20 years than reefs not fished, (d) The most significant
areas of reef loss are in closed areas of the bay (TDH, 1992).

The data do demonstrate several likely impacts on reef area by the fishery.
Most leases today contain reef or semi-consolidated shelly areas. At least some
of this material originates from shell transplanting by the fishery. As these
areas have accreted or lost as much as natural reef, their survival is, once
again, dependent on siting, not mode of origin. Movement of shell off reef
edges, if anything, has aided in reef growth. Many reefs are accreting area at
their margins. Some unknown portion of this accretion may be due to shell
movement by the fishery. We see no evidence of reef loss by this mechanism.

Accordingly, over all, areal extent of reefs has probably been increased by
fishing activities. The evidence suggests that judicious siting of new leases and
requirements for private shell planting on leases could substantially increase
the acreage of reef in the Galveston Bay system.

(6) Relief varies considerably between the two sides of most reefs so that reference
must be made to the area of the surrounding bay used to define relief. We have
routinely used the surrounding bay bottom on the downestuary side. The
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upestuary side typically has lower or no relief. The downestuary side
frequently, but not always, has substantial relief. The reason for the difference
is probably the damming of sediments behind these reefs on the upestuary
side. Although this mechanism certainly should result in the loss of reef, many
reefs which have had little or no relief on the upestuary side for many years
varied little in areal extent between 1991 and circa-1970 or even grew slightly,
the Drum Village/Gale's/Middle Reef barrier reef tract being a prime example.
The positive role of leases in maintaining reefs above the surrounding bay
bottom in these areas should also be considered.

Persistence, malleability and modifying agents

Certain components of the Galveston Bay reef system have persisted throughout
recorded time; others have exhibited substantial malleability, changing position and
shape over time spans of a half century or so in response to natural and man-made
changes in the bay system. Besides the difficulty of assessing changes produced by
shell dredging and the likely local impacts of shell transfer to leases and artificial
reefs, two regional impacts seem preeminent.

(1) Regional subsidence has resulted in the increase in depth and areal extent of
the Galveston Bay system. The results of regional subsidence are threefold.
(a) Most reefs are detached from the shoreline, a likely result of subsidence and
shoreline retreat, (b) Regional subsidence has increased the depth over the
reefs thus (i) reducing the acreage intertidally and subaerially exposed
particularly on the barrier reef tracts and (ii) drowning alongshore beach
deposits that have later developed into alongshore reefs. Arguably increased
depth has increased bay productivity by increasing subtidal acreage and
increasing water velocity over the majority of the barrier reefs. A comparison
of productivity between Galveston Bay reefs and those typical of the lower
bays, many of which are currently intertidal (Copeland and Hoese, 1966) would
be instructive, (c) Areas of high subsidence, such as the Clear Lake
Embayment, have suffered reef attrition due to siltation. However, of
necessity, this area must also no longer be adequate to support reef growth;
otherwise reef growth should have kept up with siltation. What, besides
subsidence, has reduced the area's viability is unclear.

(2) Channalization, dike construction, and loss of the original Redfish Bar have
substantially changed bay circulation pattern. The Texas City Dike has
probably reduced circulation in West Bay. The pre-1900 circulation pattern in
Galveston and Trinity Bays is unknown. Certainly today's circulation must
differ substantially from that time if for no other reason that the original
barrier reef dam, Redfish Bar, no longer exists and the Houston Ship Channel
has been added. Redfish Bar, as it existed pre-1900, had three primary
channels, only one of which, West Pass, was probably deep enough to permit
substantial water flow upestuary and downestuary. A significant salinity
gradient existed over this bar (Galtsoff, 1931). In addition, the Houston Ship
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Channel has modified the flow structure and isohalines in the bay which now
run more or less parallel to the ship channel rather than across bay as they
likely originally did over much of the bay's extent.

As a consequence, today, the bulk of the Trinity River flow exits Trinity Bay along
the southern shore, wraps immediately around Smith Point, and flows downestuary
across Mattie B. Reef and Tom Tom Reef, reaching nearly to Bolivar Peninsula
before becoming entrained in the outward flowing water at Bolivar Roads. This
circulation pattern has likely existed for many decades (Reid, 1955; Diener, 1975)
although its intensity must have increased as the Houston Ship Channel became
deeper and the Redfish Bar dam disappeared. The result of this changing flow
pattern has been to destroy the equilibrium that once existed between the reefs and
the bay circulation resulting in (a) loss of a number of small reefs along the
southern shore of Trinity Bay, (b) the demise of the Hanna Reef tract in the vicinity
of Mattie B. Reef and Tom Tom Reef, the present outlet for much of the Trinity
River flow and (c) the accretion of reef along the southern edge of South Redfish
Reef, the western and northern trend of Pasadena Reef and the southern edge of
Bull Hill and associated reefs. These latter three areas adjoin the present route of
outflow of the Trinity River as it crosses the present barrier reef complex in the bay.

Each of these changes is a response to changing water flow and salinity that has
shifted the bay's geology (the reefs) out of equilibrium with the bay's flow structure.
Some reefs are no longer optimally located for continued high productivity; many
areas of low reef coverage would now support productive reef if substrate became
available. One can expect a continued response to the changed flow and salinity
regime in these areas in decades to come as the bay continues to develop a new
equilibrium condition. However, our observations suggest that reef builds only
slowly out onto muddy bottom. The rates of taphonomic processes can be expected
to be high in these areas (Powell et al., 1989) so that the natural process of reef
accretion may be slow. Moreover, these outgrowing margins, especially south of
South Redfish Reef, may not withstand significant dredging by the fishery
depending upon the extent of substrate consolidation, which is not currently known.
Careful management of these areas would be prudent.

The Houston Ship Channel has extended the isohalines upestuary to the great
benefit of oyster populations and the oyster fishery. In effect, the Houston Ship
Channel has extended the area of oyster productivity much beyond that which
would have existed prior to channelization. Like the removal of the pre-1900
Redfish Bar, which probably restricted the areal extent of the key 15 ppt isohaline
(USAGE, 1987), the Houston Ship Channel has expanded and modified the
isohaline structure and increased water velocity, both conducive to oyster growth.
Over 1000 hectares of reef have developed along this channel, a substantial fraction
of which extends between the channel edge and the crest of the parallel-trending
spoil banks. In the reach from buoy 63 to Morgans Point, all reef development is in
this small zone.
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The data show the overriding importance of the coincidence of two bathymetric
features for development of reef along channels. A channel is, of course, required.
However, a spoil bank is also required. Observation of channels in which the spoil
banks were placed on only one side, always show that reef development is
predominately or exclusively on that side.

It should be noted that the expected increase in predation and disease with
increased salinity (Ray, 1987) is not necessarily an overriding influence on reef
survival. A healthy oyster population with adequate food and adequate water flow
can outgrow predators and diseases. High salinity reefs like Confederate Reef, in
fact, offer readily observable proof of this trend. Food supply is an overriding
influence on reef productivity (Powell et al., submitted).

Finally, the Houston Ship Channel has created a barrier separating the Trinity
River-affected eastern part of Galveston Bay from the western part of Galveston
Bay. This "dam", if you will, affects the distribution of food, turbidity and current
flow. In particular, on the average, the western part of the bay is less turbid and
the differential is significant in that it is in the range of values that substantially
affect filtration rate in oyster populations (our unpublished data). The substantial
accretion of reef in the Dickinson Embayment is almost certainly a result of the last
remnant of the original Redfish Bar (Todds Dump) and the Houston Ship Channel
isolating this area from the generally higher turbidity elsewhere in the bay. These
factors are important because the bay, today, is near the balance point for food
supply (taking turbidity into account). A 15% reduction in food supply from current
levels could result in a substantial contraction or loss of the market-size oyster
population and the oyster fishery in Galveston Bay (Powell et al., submitted). One
interesting oddity of the Galveston Bay system is the presence of most reef accretion
downestuary of the 15 ppt isohaline suggesting that salinity and its associated
factors such as oyster disease and predation, though important, are not the
overriding determinants of controlling oyster population expansion in Galveston
Bay.

Conclusions

Overall, Galveston Bay has accreted substantial reef in the last 20 years. The
location and mechanisms of reef accretion suggest that natural responses to changes
in circulation and salinity by the oyster populations are primarily responsible
rather than the direct production of new reef by man. These responses have been
primarily induced, however, by both natural and man-made events. These include
the construction of the Houston Ship Channel and the Texas City Dike, the removal,
by mechanisms not well documented, of the original Redfish Bar, regional
subsidence which has deepened the bay and facilitated shoreline retreat, and, in the
smaller satellite bays, the construction of channels for barge and boat traffic. Local
effects like leases, artificial reefs, and, in many areas, shell dredging have had less
impact over the last 20 years, although, certainly, shell dredging significantly
modified reef coverage in some areas prior to 1970.

29



Whether bay productivity has increased commensurate with the increased acreage
cannot be assessed without recourse to a population dynamics model. As some reef
has formed in present-day optimal locations, other reef, still extant, finds itself in
areas of reduced quality. With the exception of the Clear Lake Embayment, the
Mattie B./Tom Tom Reef area of the Hanna Reef tract and upper East Bay,
conditions are not so poor as to result in loss of acreage. However it is not at all
clear how much productivity is required to balance the natural and
anthropogenically-mediated taphonomic processes that continually destroy shell
carbonate. Accordingly, the significant reef accretion documented by this survey
should not be construed as clear evidence for increased productivity in Galveston
Bay as a whole. Although certainly productivity has dramatically increased in
certain areas of the bay, productivity may have decreased commensurably in other
areas of the bay. A bay-scale population dynamics model coupled with direct
measurements of productivity in selected locations would be needed to estimate the
change in productivity caused by the relatively rapid changes in reef distribution as
it responds to a changed environment.

The geological stability of reefs in a bay like Galveston Bay is a misinterpretation
brought about by the observation of large masses of apparently stable carbonate
formed by oysters in the bay. In reality, over decades to half-century time scales,
oysters are capable of substantially realigning oyster reef tracts in response to a
changing environment. Under these conditions, which exist in Galveston Bay
today, the presence of oyster reefs should not be equated with productivity or with
optimal living conditions for oysters. Such an equation is only defensible when the
geological distribution of reefs is in equilibrium with the bay's hydrodynamics,
which is certainly not the case today in Galveston Bay.

30



ACKNOWLEDGMENTS

We are particularly indebted to John Anderson for his suggestion of the acoustic
method for mapping. The application described here was really his idea. We thank
Aubrey Anderson and Martin Ebel for teaching us how to use the acoustic
equipment to greatest efficiency. We thank E. Wilson, R. Callender, P. Weeks, E.
Godwin, and J. Leonard for help in the mapping survey. L. Benefield, R. Hofstetter,
B. Nelson, J. Nelson and M. Armstrong provided important information about the
reefs of Galveston Bay. L. Benefield also provided important information on shell
dredging and artificial reef construction. Sammy Ray was responsible for the
development of the mapping project. We appreciate his constant encouragement.
The boat, the R/V Eddy, were provided through funds from the Texas A&M
University (TAMU) Office of University Research. We thank B. Nelson and M.
Armstrong for providing docking facilities and R. Ormond and his crew for outfitting
and maintaining the Eddy throughout the project. The project was funded by the
Environmental Protection Agency through the Galveston Bay National Estuary
Program. Computer funds were provided by the College of Geosciences Research
Development Fund. J. Simons was supported by a Sea Grant Marine Fellowship.
The TAMU Geochemical and Environmental Research Group (GERG) provided
computer facilities for the GIS system. We particularly thank GERG for their help.
Texas A&M University and the U.S. Army Corps of Engineers provided important
resources to purchase and maintain equipment aboard the Eddy. We appreciate
this additional support.

31



REFERENCES

Anonymous. 1988. Galveston Bay seminar executive summary. U.S. Dept.
Commerce, Natl. Oceanic Atmospheric Admin., Sea Grant College Progr.
TAMU-SG-88-114. 28 pp.

Benefield, R.L. 1976. Shell dredging sedimentations in Galveston and San Antonio
Bays 1964-69. Tx. Parks Wildl. Dept. Tech. Ser. no. 19, 34 pp.

Benefield, R.L. and R.P. Hofstetter. 1976. Mapping of productive oyster reefs in
Galveston Bay, Texas. Tx. Parks Wildl. Dept. Coastal Fish. Branch, Austin,
Texas PL88-309 2-218R.

BUG. 1992. Recommended beneficial use plan for placement of dredged materials.
Beneficial Uses Group Final Rpt., U.S. Army Corps of Engineers. 22 pp.

Burr, J.G. 1929-30. Oysters. Yearbook on Tex. Conservation of Wild Life, Von
Boeckmann-Jones Co., Austin, Texas, pp. 1-69.

Copeland, B.J. and H.D. Hoese. 1966. Growth and mortality of the American
oyster, Crassostrea virginica, in high salinity shallow bays in central Texas.
Publ. Inst. Mar. Sci. Univ. Tex. 11:149-158.

Cummins, H., E.N. Powell, R.J. Stanton Jr. and G. Staff. 1986. The rate of
taphonomic loss in modern benthic habitats: how much of the potentially
preservable community is preserved? Palaeogeogr. Palaeoclimatol.
Palaeoecol. 52:291-320.

DeAlteris, J.T. 1988. The application of hydroacoustics to the mapping of subtidal
oyster reefs. J. Shellfish Res. 7:41-45.

Diener, R.A. 1975. Cooperative Gulf of Mexico estuarine inventory and study -
Texas: area description. U.S. Dept. Commerce NOAA Tech. Rpt. NMFS
CIRC-393. 130 pp.

Eckhardt, B. 1969. Death of Galveston Bay. Trans. 33rd North American Wildl.
Conf., pp. 79-90.

Gabrysch, R.K. 1984. Ground-water withdrawals and land-surface subsidence in
the Houston-Galveston region, Texas, 1906-80. Tx. Dept. Water Resources
Rpt. 287, Austin, Texas, 64 pp.

Galtsoff, P.S. 1931. Survey of oyster bottoms in Texas. U.S. Bur. Fisheries Invest.
Rpt. 6, 30 pp.

33



Grizzle, R.E. 1990. Distribution and abundance of Crassostrea virginica (Gmelin,
1791) (Eastern oyster) and Mercenaria spp. (quahogs) in a coastal lagoon. J.
Shellfish Res. 9:347-358.

Hill, F.R. and F.D. Masch. 1969. General considerations prerequisite to further
Galveston Bay shell removal. Center for Research in Water Resources,
University of Texas, Austin, Texas, Tech. Rpt. HYD 15-6901 CRWR 48.

Hofstetter, R.P. 1990. The Texas oyster fishery. Tx. Parks Wildl. Dept. Bull. no. 40,
21pp.

Jones, L.L. and J. Larson. 1975. Economic effects of land subsidence due to
excessive groundwater withdrawal in the Texas Gulf coast area. Texas Water
Resources Institute, Texas A&M University, Tech. Rpt. 67, 33 pp.

Jorgensen, D.G. 1975. Analog-model studies of ground-water hydrology in the
Houston district, Texas. Tx. Water Development Board Rpt. 190, Austin,
Texas, 84 pp.

Keck, R., D. Maurer and L. Watling. 1973. Tidal stream development and its effect
on the distribution of the American oyster. Hydrobiologia 42:369-379.

Lukins, R. in press. A profile of artificial reefs in the Gulf of Mexico. Recreational
Fisheries Management Sub-committee, Technical Coordinating Committee,
Gulf State Marine Fisheries Commission.

Marshall, N. 1954. Changes in the physiography of oyster bars in the James River,
Virginia. Natl. Shellfish. Assoc. Conv. Add. pp. 113-121.

Masch, F.D. and W.H. Espey Jr. 1967. Shell dredging a factor in sedimentation in
Galveston Bay. Center for Research in Water Resources, University of Texas,
Austin, Texas, Tech. Rpt. HYD 06-6702 CRWR-7, 168 pp.

Moore, H.F. 1907. Survey of oyster bottoms in Matagorda Bay, Texas. U.S. Bur.
Fish. no. 610.

Moore, H.F. and E. Danglade. 1915. Condition and extent of the natural oyster beds
and barren bottoms of Lavaca Bay, Texas. Rpt. U.S. Comm. Fish. no. 809,
App. 2, pp. 1-4.

Morton, R.A., J.G. Paine and W.A. White. 1983. Historical shoreline changes in the
Galveston Bay and San Antonio Bay systems, Texas Gulf coast. Bureau of
Economic Geology, Austin, Texas. 150 pp.

NOAA. 1990. Galveston Bay, Texas. Chart no. 11326, U.S. Dept. Commerce, Natl.
Oceanic Atmospheric Admin.

NOAA. 1991a. Recreational shellfishing in the United States. U.S. Dept.
Commerce, Natl. Oceanic Atmospheric Admin. 22 pp.

34



NOAA. 1991b. The 1990 national shellfish register of classified estuarine waters.
U.S. Dept. Commerce, Natl. Oceanic Atmospheric Admin., Office of Oceanogr.
and Marine Assessment. 100 pp.

Paine, J.G. and R.A. Morton. 1986. Historical shoreline changes in Trinity,
Galveston, West, and East Bays, Texas Gulf coast. Geological Circ. 86-3,
Bureau of Economic Geology, University of Texas, Austin, Texas, 58 pp.

Powell, E.N., J.M. Klinck, E.E. Hofmann & S.M. Ray. submitted. Modeling oyster
populations IV. Population crashes and management.

Powell, E.N., G.M. Staff, D.J. Davies and W.R. Callender. 1989. Macrobenthic
death assemblages in modern marine environments: formation,
interpretation and application. Grit. Rev. Aquat. Sci. 1:555-589.

Powell, E.N., M.E. White, E.A. Wilson and S.M. Ray. 1987. Small-scale spatial
distribution of oysters (Crassostrea virginica} on oyster reefs. Bull. Mar. Sci.
41:835-855.

Quast, W.D., M.A. Johns, D.E. Pitts Jr., G.C. Matlock and J.E. Clark. 1988. Texas
oyster fishery management plan source document. Tx. Parks Wildl. Dept.
Fishery Management Plan series no. 1, 178 pp.

Ratzlaff, K.W. 1982. Land-surface subsidence in the Texas coastal region. Tx.
Dept. Water Resources Rpt. 272, Austin, Texas, 26 pp.

Ray, S.M. 1987. Salinity requirements of the American oyster, Crassostrea
virginica. in A.J. Mueller and G.A. Matthews (eds.) Freshwater inflow needs
of the Matagorda Bay system with focus on penaeid shrimp, pp. E.1-E.28,
U.S. Dept. Commerce, Natl. Oceanic Atmospheric Admin. Tech. Mem. NMFS-
SEFC-189.

Rehkemper, L.J. 1969. Sedimentology of Holocene estuarine deposits, Galveston
Bay. in R.R. Lankford and J.J.W. Rogers (eds.) Holocene geology of the
Galveston Bay area. Houston Geological Society, pp. 12-52.

Reid Jr., G.K. 1955. A summer study of the biology and ecology of East Bay, Texas
Part I. Introduction, description of area, methods, some aspects of the fish
community, the invertebrate fauna. Tex. J. Sci. 7:316-343.

TDH. 1992. Classification of shellfish harvesting areas. Map folio MR-344, Texas
Department of Health, Division of Shellfish Sanitation Control.

TGFOC. 1929. Status of oysters, past and present, in Review of Texas wildlife and
conservation. Protective efforts from 1879 to the present time, and
operations of the fiscal year ending August 31, 1929. Tx. Game Fish Oyster
Commission, Austin, Texas, pp. 17-24.

35



TPWD, 1976. The oyster reefs of Galveston Bay. Texas Parks Wildl. Dept., Austin,
Texas (map folio).

USAGE. 1987. Final feasibility report and environmental impact statement
Galveston Bay area navigation study. U.S. Army Corps of Engineers,
Galveston District Office.

USCGS. 1855. Galveston Bay, Texas. U.S. Coast Survey Chart 1 no. 3, U.S. Coast
and Geodetic Survey.

USCGS. 1907. Galveston Bay to Oyster Bay, Texas. Coast Chart no. 205, U.S.
Coast and Geodetic Survey.

USCGS. 1921. Galveston Bay, Texas. Chart no. 204, U.S. Coast and Geodetic
Survey.

USCGS. 1924. Galveston Bay and Approaches. Chart no. 1282, U.S. Coast and
Geodetic Survey.

USCGS. 1957. Galveston Bay and Approaches. Chart no. 1282, U.S. Coast and
Geodetic Survey.

Wilson, E.A., E.N. Powell, T.L. Wade, R.J. Taylor, B.J. Presley and J.M. Brooks.
1992. Spatial and temporal distributions of contaminant body burden and
disease in Gulf of Mexico oyster populations: the role of local and large-scale
climatic controls. Helgol. Meeresunters. 46:201-235.

36



APPENDIX 1-A: TABLES

37



TABLE 1 - Total Reef Area in the Galveston Bay System.
The total amount of reef and unconsolidated shelly sediments in the Galveston Bay system.

Galveston Bay System
Galveston Bay Excluding West Bay

and Pelican Island Embayment

10794.544 hectares

41.6 square miles

about 10.4% of bay area

5754.479 hectares

22.2 square miles

53.3% of total reef

TABLE 2 - Total Reef Area By Location.
The total amount of reef and unconsolidated shelly sediments in the Galveston Bay system.

East Bay 3

Trinity Bay 3

Redfish Bar 2- 4

North Redfish Bar 2- 4

Red Bluff/ Morgans Pt.
Embayment 2- 5

Clear Lake Embayment 2

Dickinson Embayment 2

Pelican Island Embayment

West Bay

West Bay Satellite Bays 6

Houston Ship Channel 1

Area
(in hectares)

1157.360

506.146

1336.049

578.038

123.347

111.285

850.024

835.697

2995.224

1206.982

1092.230*

Area
( in sq. miles)

4.5

2.0

5.2

2.2

0.5

0.4

3.3

3.2

11.6

4.7

4.2*

Percent of
Total Reef

10.7%

4.7%

12.4%

5.4%

1.1%

1.0%

7.9%

7.7%

27.7%

11.2%

10.1%*

Percent of Total
Reef exclusive of

West Bay

20.1%

8.8%

23.2%

10.1%

2.1%

1.9%

14.8%

19.0%*

Does not include extensive acreage adjacent to the channel forming part of South Redfish Reef.

Exclusive of the reef associated with the Houston Ship Channel except for that associated with South
Redfish Reef where a delineation between channel and non-channel reef could not be made.

^ Exact value depends upon the boundary defined between East Bay or Trinity Bay and Galveston Bay.

Exact value depends upon the boundary defined between Redfish Bar and the reef system north of Redfish
Bar.

Includes the Cedar Bayou branch of Galveston Bay.

° Includes Christmas Bay, Bastrop Bay, Oyster Lake, Chocolate Bay
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TABLE 3 - Total Man-made Reef
Estimated fraction of the total reef and unconsolidated shelly sediment in the Galveston Bay
system contributed by anthropogenic activities.

Area
(in hectares)

Total Man-made 1961.657

Houston Ship 1092.230
Channel 1

Other Dredged 382.110
Channels 4

Oil Fields and Pipe 375.563
Lines 2

Artificial Reefs 3 175.553

Area
(in sq. miles)

7.3

4.2

1.5

1.5

0.7

Percent of
Total Reef

18.2%

10.1%

3.5%

3.5%

1.6%

Percent of
Total

Man-made
Reef

55.7%

19.5%

19.1%

8.9%

1 Does not include extensive acreage adjacent to the channel forming part of South
Redfish Reef.

2 Rough estimate only. Little information exists to differentiate natural reef from
reef originating from oil field development in these areas.

3 Includes leases, reefs made for mitigation of shell dredging, reefs made to
enhance the oyster fishery, etc. Rough estimate only; not all artificial reefs could
be discretely identified, particularly in the Redfish Bar area, and little
information exists to differentiate natural reef from man-made reef on leases.

4 Channel-associated reefs in Bastrop Bay not included
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TABLE 4 - East Bay Comparison: 1970 and 1991
Comparison of the 1991 and circa-1970 survey of East Bay. Comparisons computed as 1991
area/circa-1970 area.

Reef

East Bay

Bob's Knob

Bull Hill 2

Buckshot Reefs 1

Catfish Reef1

Cowshed Reef 1

Drum Village Reef

Frenchy's Reef 1

Gale's Reef

Hanna Reef 1

Lone Tree Reef 1

Middle Reef

Moody Reef 1

North Bull Hill Reef 2

Pepper Grove Reefs

Richard's Reef 1

Stephenson Reef 1

Terry's Ridge *

WhiteheadReef1

circa 1970 Area
from Benefield
and Hofstetter

(1976)

3.359

76.568

4.614

7.042

12.991

47.916

83.246

63.901

526.103

7.446

102.104

13.760

20.801

49.777

12.262

12.262

13.395

18.575

1991 Area

2.030

114.052

8.852

9.935

14.758

37.508

74.879

95.578

475.067

8.288

110.280

15.900

59.160

70.355

17.833

10.545

17.268

32.399

Fractional
Change

0.60

1.92

1.41

1.14

0.90

1.11

1.16

1.41

1.45

0.86

1.29

1.74
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TABLE 4 - CONTINUED

Reef

Combined reefs ^

Drum Village/Gale's/Middle Reef l

Bull Hill/Hanna Reef *» 2

Total4

circa 1970 Area
from Benefield
and Hofstetter

(1976)

213.921

623.472

1076.122

1991 Area

243.366

648.279

1174.687

Fractional
Change

1.14

1.04

1.09

Best comparison; other comparisons of limited usefulness because reef portions included in
estimate might be different or because entire area included in 1991 estimate was not mapped by
Benefield and Hofstetter (1976).

2 Parts of Bull Hill and North Bull Hill Reef included here were not included in estimate for East
Bay in Table 2.

** Comparison of circa-1970 and 1991 boundaries uncertain for individual reef estimates. The
combined estimate is more likely to be accurate.

4 Does not include reefs unsurveyed in circa-1970. See Table 2 for full area estimates.
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TABLE 5 - Trinity Bay Comparison: 1970 and 1991
Comparison of the 1991 and circa-1970 survey of Trinity Bay. Comparisons computed as 1991
area/circa-1970 area.

Reef
Trinity Bay

Big Beezley Reef *•

Clamshell Reef *> 2

Dow Reef *

Dryhole Reef *> 2

Fisher Reef

Little Bird Reef2

Lonesome Reef 1>2

Lost Reef 1

Middle Beezley Reef 1

Old YeUow Reefs 2

Outer Beezley Reef 1

Spoonbill Reef2

Tern Reef1'2

Tidewater Reef 1

Trinity Reef !>2

Vingt-et-un Reef 1

Total3

circa 1970 Area
from Benefield
and Hofstetter

(1976)

30.109

4.087

32.335

6.313

69.122

1.619

7.204

6.677

9.672

2.590

9.308

1.214

13.841

2.590

7.446

13.780

217.907

1991 Area

30.927

4.330

40.830

5.746

123.757

0.349

8.222

10.831

12.075

19.976

20.674

6.958

14.906

7.230

6.072

28.961

341.844

Fractional
Change

1.03

1.06

1.26

0.91

1.79

0.22

1.14

1.62

1.25

7.71

2.22

5.73

1.08

2.79

0.82

2.10

1.57

Best comparison; other comparisons of limited usefulness because reef portions included in
estimate might be different or because entire area included in 1991 estimate was not mapped by
Benefield and Hofstetter (1976).

^ Partially or fully originating from man's activities.

3 Does not include reefs unsurveyed in circa-1970. See Table 2 for full area estimates.
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TABLE 6 - Red Bluff/Morgans Point Comparison: 1970 and 1991
Comparison of the 1991 and circa-1970 survey of the Red Bluff/Morgans Point Embayment.
Comparisons computed as 1991 area/circa-1970 area.

Reef

Red BlufFMorgans Point Embayment

Bayside Reef

Bent Pipe Reef

Crow's Nest Reef

Red Bluff Reef1

Tin Can Reefs

West Red Bluff Reef1

Yacht Club Reef i

Total2

circa 1970 Area
. from Benefield
and Hofstetter

(1976)

0.405

7.811

0.809

28.248

5.221

4.087

13.395

59.976

1991 Area

0.000

12.859

1.840

29.979

10.095

5.859

19.057

79.689

Fractional
Change

0.0

1.65

2.27

1.06

1.93

1.43

1.42

1.33

1 Best comparison; other comparisons of limited usefulness because reef portions
included in estimate might be different or because entire area included in 1991
estimate was not mapped by Benefield and Hofstetter (1976).

2 Does not include reefs unsurveyed in circa-1970. See Table 2 for full area
estimates.
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TABLE 7 - Clear Lake Embayment Comparison: 1970 and 1991
Comparison of the 1991 and circa-1970 survey of the Clear Lake Embayment. Comparisons
computed as 1991 area/circa-1970 area.

Reef

Clear Lake Embayment

Bayview Reef *> ^

Clear Lake Channel Reefs 2

Courthouse Reef 2

Eagle Point Reef1'2

Halfway Reef2

Humble Reef1

Little Scott Reef 1

Pine Gully Reef

San Leon Reef 1

Scott Reef l

Smith Reef l

Total3

circa 1970 Area
from Benefield
and Hofstetter

(1976)

12.626

4.209

3.359

17.078

2.954

2.590

2.954

1.497

24.889

14.488

3.723

90.367

1991 Area

6.302

8.237

1.953

14.725

10.778

0.606

3.130

0.000

34.385

13.478

9.732

103.326

Fractional
Change

0.50

1.96

0.58

0.86

3.65

0.23

1.06

0.00

1.38

0.93

2.61

1.14

1 Best comparison; other comparisons of limited usefulness because reef portions
included in estimate might be different or because entire area included in 1991
estimate was not mapped by Benefield and Hofstetter (1976).

2 Partially or fully originating from man's activities.

3 Does not include reefs unsurveyed in circa-1970. See Table 2 for full area
estimates.
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TABLE 8 - Dickinson Embayment Comparison: 1970 and 1991
Comparison of the 1991 and circa-1970 survey of the Dickinson Embayment. Comparisons
computed as 1991 area/circa-1970 area.

Reef
Dickinson Embayment

April Fools Reef

Crescent Reef 2

Dickinson Channel Reefs 2

Dickinson Reef *

Dollar Reef1

Experimental Reef 2

Half Moon Reef l

Island Reef 2

Levee Reef 1

Little Half Moon Reef l

Marsh Reef

Moses Gate Reef 2

Shoal Reef2

Todds Dump and Redfish Island 1» ̂

Total3

circa 1970 Area
from Benefield
and Hofstetter

(1976)

26.750

8.175

2.550

78.026

107.285

2.954

14.852

7.042

80.534

0.486

4.452

1.052

1.133

218.130

553.421

1991 Area

43.214

3.621

40.330

64.028

215.848

2.344

16.717

3.689

81.109

1.348

10.158

6.262

1.974

283.722

774.364

Fractional
Change

1.62

0.44

15.82

0.82

2.01

0.79

1.13

0.52

1.01

2.77

2.28

5.95

1.74

1.30

1.40

Best comparison; other comparisons of limited usefulness because reef portions included in
estimate might be different or because entire area included in 1991 estimate was not mapped by
Benefield and Hofstetter (1976).

2 Partially or fully originating from man's activities.

3 Does not include reefs unsurveyed in circa-1970. See Table 2 for full area estimates.

4 Redfish Island included in the estimate of reef along the Houston Ship Channel in Table 2 rather
than in the Dickinson Embayment. Redfish Island included here for comparison to estimates of
Benefield and Hofstetter (1976).
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TABLE 9 - North Redfish Bar Comparison: 1970 and 1991
Comparison of the 1991 and circa-1970 survey of the North Redfish Bar sector. Comparisons
computed as 1991 area/circa-1970 area.

Reef

North Redfish Bar

Bar 24 Reefs

Bart's Pass l

Bart's Pass West 2

Possum Pass 1

Roberts Reef

Sheldon Reef 1

Combined reefs 4

Bart's Pass/Bart's Pass West 1

Total3

circa 1970 Area
from Benefield
and Hofstetter

(1976)

1.902

95.508

7.811

33.428

3.318

20.801

103.319

162.768

1991 Area

2.226

68.956

81.325

72.181

10.884

46.164

150.281

281.736

Fractional
Change

1.17

2.13

3.28

2.22

1.45

1.73

1 Best comparison; other comparisons of limited usefulness because reef portions
included in estimate might be different or because entire area included in 1991
estimate was not mapped by Benefield and Hofstetter (1976).

2 Partially or fully originating from man's activities.

3 Does not include reefs unsurveyed in circa-1970. See Table 2 for full area
estimates.

4 Comparison of circa-1970 and 1991 boundaries uncertain for individual reef
estimates. The combined estimate is more likely to be accurate.
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TABLE 10 - Redfish Bar Comparison: 1970 and 1991
Comparison of the 1991 and circa-1970 survey of Redfish Bar. Comparisons computed as 1991
area/circa-1970 area.

Reef

Redfish Bar

Archie's Reef

Bull Shoals !

"C" Reef

Dee's Reef

East Redfish Reef1

Four Bit Reef1'2

Gaspipe Reef ̂  2

Mary's Reef

Mattie B. Reef l

Missing Reef 2

North Redfish Reef 1

Pasadena Reef 1

Santa Reefs

Slim Jim Reef 1

South Redfish Reef1- 4

Tom Tom Reef1

Triangle Reef 2

Total3

circa 1970 Area
from Benefield
and Hofstetter

(1976)

3.723

34.925

3.723

2.954

31.607

9.672

14.124

8.174

20.801

9.308

202.914

12.950

3.359

8.903

371.874

5.585

3.723

748.319

1991 Area

3.426

40.264

5.432

8.174

82.014

9.206

20.687

18.414

14.938

9.175

237.984

49.853

7.112

31.236

702.109

3.573

7.796

1251.393

Fractional
Change

0.92

1.15

1.46

2.77

2.59

0.95

1.46

2.25

0.72

0.99

1.17

3.85

2.12

3.51

1.89

0.64

2.09

1.67

Best comparison; other comparisons of limited usefulness because reef portions included in
estimate might be different or because entire area included in 1991 estimate was not mapped by
Benefield and Hofstetter (1976).

2 Partially or fully originating from man's activities.

3 Does not include reefs unsurveyed in circa-1970. See Table 2 for full area estimates.

4 Portion of South Redfish Reef located on the Houston Ship Channel spoil banks included in this
estimate, rather than in Table 11.
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TABLE 11 - Houston Ship Channel Sector Comparison: 1970 and 1991
Comparison of the 1991 and circa-1970 survey of the Houston Ship Channel sector. Comparisons
computed as 1991 area/circa-1970 area.

Reef

Houston Ship Channel 3

Morgans Point Reefs 2

"53" Reefs 2

"59" Reefs 2

"63" Reefs 2

Total1

circa 1970 Area
from Benefield
and Hofstetter

(1976)

0.405

15.945

56.495

26.022

98.867

1991 Area

14.122

177.977

192.746

146.898

531.743

Fractional
Change

34.869

11.16

3.41

5.65

5.38

1 Does not include reefs unsurveyed in circa-1970. See Table 2 for full area
estimates.

2 Partially or fully originating from man's activities.

3 Reef adjacent to Redfish Island and that portion of South Redfish reef on the
spoil bank not included in these estimates. See Table 2 for full area estimates.
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Figure 1. A typical chart record from the 300 kHz channel showing a reef within an
area of muddy bottom. The reef is distinguished by a larger return extending
well below the more compressed return typical of a muddy bottom.
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Figure 2. An example of an oyster reef on a spoil bank adjacent to the Houston Ship
Channel. The record is from the 300 kHz channel. Reef is identified by the
larger denser return extending below the more compressed return. The chan-
nel is the deeper V-shaped groove. Note that oyster bottom extends down the
channel walls nearly to the bottom, a condition typical of many areas in
Galveston Bay.
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Figure 3. An example of a spoil bank adjacent to the Houston Ship Channel. The record
is from the 300 kHz channel. Spoil is identified by the shorter return overlain
by a faint halo probably produced by the third echo. The channel is the deeper
V-shaped groove.



i

Figure 4. ARangia bed off Houston Point, Galveston Bay, as recorded by the 300 kHz chan-
nel. Clams are identified by the larger denser return below the return typical of
muddy bottom. Note how the clam bed fades out at the edges, a condition rarely
encountered on reefs. In this case, the 22 kHz channel recorded no distinctive
subsurface signal, a characteristic typical of muddy bottom.
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Figure 5. The equipment setup on the boat prior to deployment. The towed fish extends
from a boom to the side of the vessel well forward of the stern. A tow cable to
the bow maintains the orientation of the fish while underway.
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Report 2:
SPATIAL TRENDS IN COMMUNITY AND

HEALTH-RELATED CHARACTERISTICS OF
GALVESTON BAY OYSTER REEFS

By

Juggeun Song, Eric N. Powell, and Kwang-sik Choi1

Department of Oceanography
Texas A&M University

Introduction

Oysters are generally considered to do best at moderate salinities (12-20 ppt).
Factors restricting oyster production outside this salinity range include increased
respiratory demand, decreased filtration rate and mortality at lower salinity and
predation and disease at higher salinity (Powell et al., submitted a, Hofmann et al.,
submitted; Powell et al., in press). Production on reefs, however, is significantly
affected by variables like food supply and rate of recruitment that might follow
salinity in a more complex way. For example, lowered food concentrations,
regardless of salinity, may increase infection intensity of Perkins us marinus, an
important source of mortality in oyster populations of the Gulf coast, and reduce
growth, fecundity and survivorship of the oyster population. In addition, the direct
affect of the commercial fishery is poorly known. Some reefs are heavily fished,
others less so, in the same salinity regime (Quast et al., 1988). For example, to the
extent that fishing is a compensatory source of mortality, fishing may reduce P.
marinus infection intensity by selectively reducing the abundance of the most
heavily-infected portion of the population. Accordingly, the productivity of oyster
populations might not be a simple function of salinity, and, indeed, the
accompanying survey of reef accretion and loss over a 20 year interval in Galveston
Bay did not reveal a clear trend with the prevailing salinity gradient over that time.
Moderate salinity areas, on the average, accreted more new reef, however areas of
similar salinity accreted and lost reef area during this time over much of the
salinity gradient in the bay.

In May, 1992, a survey was conducted of the oyster population, community and
health-related characteristics of oyster reefs in Galveston Bay, Texas. This survey
provides the opportunity to differentiate the effects of salinity from other sources of
variability in determining the population and community structure of oyster reefs

1 Current address: Environmental Radiological Assessment Dept.
Korea Institute of Nuclear Safety
P.O. Box 16, Daeduk-Danji
Taejeon, 305-606, Korea
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within the salinity gradient and their relative health as measured by population
and disease-related attributes like size-frequency composition, P. marinus
prevalence and infection intensity, and gonadal state.

Methods

Field sampling

A depiction of the Galveston Bay system showing important geographic features,
locations of reef accretion and loss, and important physical characteristics is
provided on page 177 in the Map Appendix of this report and as Map Set 19 in Map
Atlas: Volume II. Samples were taken over a period of 3 weeks in April-May 1992
by the R/V Eddy. The sampling period occurred during flood conditions on the
Trinity River, the primary freshwater source for Galveston Bay. Salinities were
near record lows in many locations and had been for a period of at least 4 months
prior to sampling (our unpublished data). Accordingly, certain population
characteristics, like gonadal index and P. marinus prevalence and infection
intensity, were recorded during a period of time when environmental conditions
would have minimized their values over much of the bay system.

Reef sampling sites are listed in Table 1 and on page 179 in the Map Appendix of
this report and as Map Set 20 in Map Atlas: Volume II. Stations sampled include
(1) commercially open and closed reefs, (2) reefs of varying form such as barrier
reefs, alongshore reefs and patch reefs, (3) reefs covering a wide range of salinity
and current flow, and (4) reefs in areas of net reef accretion and loss over the last 20
years. Sites were chosen using the accompanying oyster reef survey of Galveston
Bay and their GPS positions recorded. At each site, one to four measured dredge
hauls were taken. The dredge used was a 12-toothed dredge of Louisiana design, 68
cm in mouth opening, towed along a straight line from a position aft at the level of
the gunnels, about two feet above the water line. To maintain proper aspect while
dredging, 10 feet of line were laid out for each foot of depth and a length of heavy
chain was added between the line and the dredge. Dredging speed was generally
less than 1 knot. Distance was determined using a precision range finder from the
boat to a buoy dropped on the reef, so that areal coverage could be estimated.
Dredging efficiency declined if the dredge was towed downslope. Accordingly, depth
of bottom was recorded frequently during each tow and only tows alongslope or
upslope were used. Dredging efficiency also improved when towed 90 <, or less to
windward. Accordingly, where possible, all tows were made some degree to
windward.

Use of measured dredge hauls allowed us to correct for varying areas covered, a
source of significant error when timed dredge hauls are used. Accordingly, data
were normalized to area covered by the dredge, assuming dredging efficiency was
constant throughout the study. Dredging efficiency was estimated by Medcof (1961)
to range as high as 30%. Chia et al. (1992) recorded efficiencies between 2% and
32%. We estimated from our data and comparison to data obtained by Soniat and
Brody (1988) and Soniat (1982) from the same sites that our efficiency ranged
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around 12%, however short-term changes in weather and site-related factors
certainly affected efficiency from site to site. Consequently, the values reported are
not corrected for dredging efficiency but are corrected for the area sampled by the
dredge.

Laboratory Analyses - population parameters

Shell volume collected was estimated from displacement volume. All shell collected
regardless of condition was included. The longest dimension of the 10 largest
clumps was measured. The number of boxes was recorded. All live oysters were
measured (anterior-posterior length), and their wet meat weight recorded. Dry
weight was estimated using the conversion of Choi et al. (1993). Individuals were
divided into 3 size groupings: juveniles (< 50 mm), submarket-size adults (50 -
76 mm) and market-size adults (> 76 mm) All significant predators were identified
and measured. In practice, significant predators were crabs of a variety of species
and the oyster drill Thais haemastoma. Apex-adapical length was measured for
Thais and carapace width for the crabs.

Selected common epibionts and endobionts were enumerated. Mussels
(Brachidontes spp.) were counted and their anterior-posterior length measured.
Barnacles, bryozoans and algae were estimated by areal coverage (0-10%, 10-30%,
30-50%, 50-75%, > 75%). Polychaetes were removed by dissolving the shell in a
decalcifying fluid (Gittings et al., 1984) and weighing the individuals present.

Laboratory Analyses - individual parameters

Condition index was calculated from tissue dry weight and mantle cavity volume
measured by displacement before and after shucking. A condition code rating
(Quick and Mackin, 1972) was given to each oyster immediately after opening. The
amount of gonadal tissue present was assessed quantitatively by single ring
immunodiffusion assay in females using the method of Choi et al. (1993) as
described in detail by Choi and Powell (in press). A gonadal-somatic index was
calculated as mg dry wt egg mg dry wt somatic tissue^1. Sex was determined by
examining a smear slide.

Perkinsus marinus was assessed semiquantitatively by Ray's (1966) method as
described by Wilson-Ormond et al. (in press). Because the study was done during a
period of low salinity, many false negatives were recorded. Accordingly, a subset of
individuals was examined using the quantitative method of Choi et al. (1989) as
described by Wilson-Ormond et al. (in press) to better define prevalence and
infection intensity in lightly infected populations. Prevalence was calculated as
percent infected, using the quantitative data where required. Mean infection
intensity was calculated using the semiquantitative scale of Mackin (1962) as
described by Wilson-Ormond et al. (in press).
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Statistics

The following primary data were used for cluster analysis: maximum clump size
(mean in mm), juvenile oysters (ind nr2), submarket-size oysters (ind irr2), market-
size oysters (ind nr2), biomass (g nr2), prevalence of P. marinus (%), mean infection
intensity (mean of Mackin's number), mussels (ind nr2), crabs (ind nr2), Thais (ind
nr2), shell volume (1 nr2), boxes (ind nr2), condition index (mean of g dry wt ml'1),
eggs present (mean of mg ind'1), GSI (mean of mg dry wt egg mg dry wt somatic
tissue'1), polychaetes (mean of total weight oyster'1), barnacles (mean of %
coverage), bryozoans (mean of % coverage), algae (mean of % coverage). Raw data
were normalized to nr2 where appropriate, as just shown, using the area covered by
the dredge obtained from the known mouth opening and the distance traveled. All
data categories were internally standardized to parts per thousand and log-
transformed (Boesch, 1977). The cluster program used an unweighted pair-group
algorithm with Euclidean distance as the similarity index (Boesch, 1977). No
further information was obtained when the data were further normalized to the
shell volume collected.

The spatial distribution of each variable was examined using a spatial
autocorrelation method described by Cliff and Ord (1973). We used Moran's I as the
test statistic, where

n
s

n

n = number of samples; x{ = datum of sample i; and wij = a weighting measure as
described below.

Moran's I is sensitive to the location of extreme departures from the mean (xj - x).
In a patchy population, adjacent samples would both tend to be much above or
below the mean more frequently than would be expected by chance. Cliff and Ord
(1973) showed, for samples that are spatially randomly distributed, that the
expected value of I is -(n-1)'1 (« -0.02 in this study). Hence, values of I below -(n-1)'1
indicate negative spatial autocorrelation (an even distribution) and values above
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-(n-1)'1 indicate positive spatial autocorrelation (a patchy distribution). Significance
levels were calculated after Jumars et al. (1977) under the assumption of
randomization.

The use of this technique depends upon the choice of a weighting system (wjj) which
is a mathematical expression of the spatial relationship between the sampled sites.
Following Wilson et al. (1992), we constructed a Gabriel-connected graph (Gabriel
and Sokal, 1969) for the sites (on page 179 in the Map Appendix of this report and
as Map Set 20 in Map Atlas: Volume II). In this case, two sites (AB) were
considered connected if no third site (C) existed that formed an obtuse angle when
connected between the other two (zACB). Sokal and Oden (1978a) discuss
occasions eliciting modifications in a Gabriel graph. In this case, we deleted from
the analysis site pairs that were linked by overland connections because population
interactions by larval transport could not have directly occurred between these
sites.

The change in spatial relationship among samples at varying distances can be used
to identify the scale of spatial variation. For example, in a patchy population,
samples closer than patch size will be more similar than expected by chance [e.g.
Moran's I < -(n-1)'1]. We examined the change in spatial relationship using two
approaches. (1) We examined the change in spatial relationship with distance using
correlograms (plots of sample similarity versus distance between samples)
calculated as discussed by Sokal and Oden (1978a,b). Distances were calculated
along the Gabriel network by Marble's method (1967). Sites within a given distance
from one another when joined along the Gabriel network were given a weight (wy)
of 1.0; for all others wy = 0. Therefore, these correlograms were distance-corrected
using the terminology of Sokal and Oden (1978a). (2) We also examined the change
in spatial relationship with compass direction [directional spatial autocorrelation of
Sokal et al. (1987)]. In this case, correlograms were generated from north northeast
(22.5°) to south (180°) in 22.5° intervals. [Values from south southwest (202.5°) to
north (360°) would be identical and so, for brevity, are not included.] For each
interval, a weight was calculated for each Gabriel pair as the fractional deviation of
the angle between the site pairs from the preferred angle for that interval,
calculated as sin (a). So, if the preferred angle were 90°, two sites exactly east-west
would have received a weight (wjp of 1.0; two sites exactly north-south (180°) would
have received a weight of 0, and two sites southeast-northwest (135°) of each other
would have received a weight of 0.71. Unlike Sokal et al. (1987), we did not include
distance between sites in the analysis. However, only site pairs directly linked in
the Gabriel network without intervening sites were included in the analysis, so the
resulting correlgram considers only those sites very near to each other in spatial
arrangement.

To estimate the distribution of variables among all reefs in Galveston Bay, we
utilized the division of the bay into 1996 elements or sections as defined by the
Army Corps of Engineers hydrodynamic model (Berger et al., 1992). This grid plan
is shown in Figure 1. These elements provided a detailed division of the bay's area
which was also used in model simulations as described later; hence it was
convenient to use this division scheme for all purposes. Each element is a
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quadrilateral defined by a set of corner nodes (4 for a rectangle). We assigned the
measured variable to each of the corner nodes of an element containing a sampling
site. Distances (Dy) were calculated from each defined node to all other nodes (>
5000 corners in the 1996-element grid) using Marble's (1967) method. The value for
each unknown node (Up was obtained as the distance-corrected mean of the known
nodes (Kj) where

The variable value for each undefined (unsampled) element was then obtained as
the mean of the corner nodes.

Computer simulations were run for each element using the TAMU/ODU oyster
population dynamics model (Table 2), components of which are described by Powell
et al. (1992, in press, submitted a,b), Dekshenieks et al. (in press) and Hofmann et
al. (submitted). Flow fields and salinities were obtained using the Army Corps of
Engineers Galveston Bay finite element hydrodynamic model for conditions defined
by mean monthly river flows averaged over the last 40 years (Berger et al., 1992). A
temperate time series for an average year (1984) was obtained from NOAA (1984).
Conditions similar to these occur in Galveston Bay in about 60% of the years. Food
and turbidity data came from our own unpublished data obtained as described by
Powell et al. (submitted b). The remaining variables initializing the model (e.g. P.
marinus prevalence) were obtained from the present data set with the exception of
oyster density and size frequency. We used a typical density and size frequency for
Confederate Reef as described by Powell et al. (submitted a) for each element to aid
in comparison. Thus, each section of the bay began with an identical oyster
population in terms of density and size frequency. The simulation was run for two
years and the second year's results used for interpretation.

Results

Primary data

Salinity was low, usually below 10 ppt, over most of the bay during the sampling
period (Table 1). Relatively high salinity was recorded in all West Bay sites and at
sites near Bolivar Roads in Galveston Bay proper. Much of Trinity Bay was near
Oppt.

More shell was obtained per m2 dredged in the Redfish Bar area and along the
Houston Ship Channel than elsewhere (Table 3, Figs. 1, 2). Lowest values obtained
were at the extremes of the salinity gradient in lower West Bay, upper East Bay
and upper Trinity Bay. The amount of shell collected was not obviously related to
the areas of reef accretion and loss described in the accompanying reef survey.
Overall, although not entirely, areas having highest shell volumes were in areas
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open to commercial fishing (TDH, 1992). Either shell was more plentiful in these
areas or shell was less consolidated and more easily picked up by the small dredge
used for this survey in these areas. Partial correlation coefficients were calculated
from the best 4-variable model. Many of the variables considered are themselves
correlated, so the results of this analysis must be used only descriptively.
Nevertheless, shell volume correlated best with oyster biomass, number of boxes,
and juvenile abundance (Table 4).

Overall, the largest clumps obtained were taken from West Bay, the South Redfish
Reef area of Redfish Bar, the Red Bluff area, and upper East Bay (Table 3, Figs. 2,
3). These areas include both those closed to the fishery and open to the fishery
during the winter fishing season. They also include closed areas typically fished
during the summer relay program and areas rarely fished at all. Accordingly, the
possibility that continual dredging and culling results in a less consolidated reef
surface is not borne out by the survey. Clump size was significantly correlated with
the abundance of market-size oysters and mean P. marinus infection intensity
(Table 4).

Highest oyster densities were found in the Redfish Bar area of Galveston Bay and
on the reefs west and south of Smith Point (Gaspipe Reef, Barts Pass Reef) (Table 3,
Figs. 2, 4). Local abundance highs also occurred in the Deer Island area of West
Bay, the Red Bluff area of Galveston Bay, and lower Trinity Bay (Tern Reef).
Oyster density also averaged high along the Houston Ship Channel, except in the
Morgans Point reach. Assuming a dredging efficiency of 12%, highest true densities
averaged between 50 and 100 oysters m'2. These values are low compared to
literature values from some other areas (Dame, 1976; Moore, 1907; Moore and
Danglade, 1915), but probably relatively typical for Galveston Bay (Soniat and
Brody, 1988). Soniat et al. (1989) reported densities from 16 reefs in Galveston Bay.
Our values for these same areas, assuming a 12% dredging efficiency, show lower
densities than observed by Soniat et al. (1989) (Table 5). To some extent, however,
this is a misleading statistic because many of the reefs sampled by Soniat et al.
(1989) were in low salinity areas of the bay which, during our study period, had
seen salinities below 5 ppt for nearly 6 months.

Juvenile oysters were most abundant along the Houston Ship Channel, on and near
Redfish Bar, and west of the Houston Ship Channel above Todds Dump. Lowest
values were in the Dickinson Embayment, East Bay and Trinity Bay (Table 3).
Some West Bay samples were dominantly or entirely composed of juveniles.
Market-size oysters essentially followed the trends noted for all oysters (Figs. 2, 5,
Table 3). Submarket-size oysters were most abundant in Trinity Bay, west of the
Houston Ship Channel above Todds Dump, and in the Redfish Bar area (Table 3).
The abundance of submarket-size oysters in the latter two areas probably originates
from heavy recruitment within the previous year, whereas the abundance in Trinity
Bay may also be due to regional stunting in adult size. The abundance of juvenile
oysters was significantly correlated with the abundance of submarket-size oysters,
gonadal-somatic index, and mean infection intensity (Table 4). The abundance of
market-size and submarket-size oysters, not surprisingly, were correlated with
biomass. The abundance of market-size oysters were also inversely correlated with
the abundance of mussels. As many of the variables in the regression analysis are
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themselves correlated, these results can only be used to suggest that some
relationships between variables may be more important than others.
Oyster size-frequency (Fig. 6) varied significantly from site to site; however, no
trends between regions or across salinity regimes could be discerned, with one
exception. Sites dominated by juveniles were largely confined to West Bay and the
Pelican Island Embayment. With the exception of the Deer Island area, few adults
were collected at sites in this region. Although Chi-square tests uncovered
significant differences between sites, grouping data by salinity, fishing status, or
region did not produce significant differences unexplained by local variation.
Simulations of Galveston Bay oyster populations (see later discussion) show that
important local variations in oyster production exist which would compromise the
statistical treatment of sites grouped by larger regions or by salinity.

With one exception (Pepper Grove Reefs), oysters of 90 cm or larger were rarely
obtained. This rarity included fished and unfished reefs, reefs in all salinity
regimes, and all areas of the bay. Powell et al. (submitted b) suggested that
Galveston Bay, as a whole, has a food supply insufficient to support many oysters of
this size. The field data support the contention of Powell et al. (submitted b) that
food supply in Galveston Bay is just barely adequate to support a market-size
population.

Oyster biomass (Table 3, Figs. 2, 7) was high on Redfish Bar, between Redfish Bar
and Smith Point, and off Red Bluff. Lowest biomass were generally at sites at the
salinity extremes: central West Bay, upper East Bay, upper Trinity Bay, and
Morgans Point. Biomass was not associated with fishing status and substantial
local variation was present. Reefs less than 2 miles apart had significantly different
biomass. Along the Houston Ship Channel, biomass was low in the reach above
Buoy 75, peaked on Redfish Bar in the reach from Buoy 63 to Buoy 53, and then
declined towards Bolivar Roads. Generally, biomass declined east and west of the
ship channel as well.

Oyster growth form is plastic. Kent (1988) proposed that growth form is related to
habitat. Variation in growth form would result in variation in meat weight for a
given shell length, as most changes in growth form change the length/width ratio of
the shell. Most adult oysters collected ranged up to 3 g dry wt in size. A few were
as heavy as 6 g dry wt. Figure 8 shows that substantial variation exists between
sites in the length/meat weight relationship among sites. Over the range of sites
sampled, a market-size oyster (76 mm) could range from about 7.5 g wet wt (1.7 g
dry wt) to nearly 30 g wet wt (6 g dry wt). Length-biomass relationships did not
vary predictably with salinity, fishing status or bay region. Reef-to-reef variation
predominated.

These data emphasize the danger of basing management decisions on a linear
determination for the size-frequency distribution. Most biological variables, like
fecundity, vary with weight rather than length and so could vary by a factor of 5 for
a given shell length in the market-size size classes. Furthermore, the failure of
some reefs to support the larger biomass size classes might not be obvious based on
length. For example, Tern Reef had some of the longest oysters obtained during the
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study, however meat weights were relatively low. Yacht Club Reef, with much
shorter oysters, actually supported a much larger biomass.

Boxes were rare at most sites (Fig. 2). Most boxes were collected from sites within
the primary discharge route of Trinity River water through Galveston Bay (depicted
on page 177 in the Map Appendix of this report and as Map Set 19 in Map Atlas:
Volume II). The Trinity River was at flood stage during our sampling. Recent
mortality caused by low salinity was observed at Vingt-et-un Reef and Possum Pass
Reef and probably had occurred at these other locations. The distribution of boxes
recorded by Soniat et al. (1989) differed substantially from this study. Soniat et al.
(1989) sampled during a more normal year and their study took place somewhat
later in the season when P. marinus mortalities may have been occurring on some
reefs. Boxes were much more common in our study on low salinity reefs than
observed by Soniat et al. (1989) in accordance with suspected or observed (Vingt-et-
un Reef) low salinity-induced mortalities (Table 5).

Condition index for market-size oysters was calculated after Soniat et al. (1989) (g
dry wt ml'1 *100). Average condition index ranged from 9.75 in Trinity Bay to 14.34
on the west side of the Houston Ship Channel (Table 3, Figs. 2, 9). Most areas of
the bay, however, showed similar condition indices. In contrast, nearby reefs
frequently differed considerably in condition index. Condition index varied
significantly with salinity and significantly inversely with gonadal-somatic index
and clump size (Table 4). No relationship with fishing status could be discerned. In
general, the values obtained for condition index in this study were about double the
values obtained by Soniat et al. (1989) (Table 5). Sampling earlier in the
reproductive season is the probable explanation for this discrepancy.

Gonadal-somatic index is a quantitative measure of the development of gonadal
material. Female oysters were collected on only two reefs in Trinity Bay and at only
three sites in West Bay. The former was probably due to low salinity inhibiting
reproduction. The latter was due to the predominant collection of juveniles at some
sites. Considering the remaining sites, gonadal-somatic index was highest in the
middle of the salinity range: the Dickinson Embayment, Redfish Bar, East Bay,
and along the Houston Ship Channel (Table 3, Figs. 2, 10). Gonadal-somatic index
was lowest at the extremes of the salinity range: West Bay, Trinity Bay, and the
Morgans Point reach of the Houston Ship Channel. Gonadal-somatic index was
significantly correlated with salinity (Table 4) and the abundance of juveniles and
inversely correlated with mean infection intensity of P. marinus.

Only one previous study quantifying gonadal-somatic index is available for
Galveston Bay. Those data, collected by Choi et al. (1993) in April 1989 were taken
from Confederate Reef in West Bay and can be compared to our data from the Deer
Island sites (Table 6). Even though oysters collected in the present study had about
three times the biomass of those collected by Choi et al. (1993), mean gonadal-
somatic index was less than 50% of the 1989 value in 1992. Even though some
oysters collected in 1989 did not have developing gonads, gonadal-somatic indices
ranged substantially higher in 1989 (up to 0.422) as well as averaging higher. The
highest value recorded in this study was 0.144. Low salinities early in 1992 are one
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possible explanation. Unfortunately, comparative data on food supply are not
available.

Sex ratio varied considerably, from 0 (no females) to 9 (9 times more females than
males) (Table 3). On the average females were proportionally more common in the
higher salinity parts of the bay, however the variability between adjacent sites was
generally high.

Prevalence of P. marinus was highest in parts of West Bay, however prevalence was
generally above 50% (Table 3, Figs. 2, 11). These prevalences are relatively low in
comparison to historic levels (e.g. Wilson et al., 1990; Powell et al., 1992; Soniat et
al., 1989; Hofstetter, 1977) because of the unusually low salinity conditions present
for the 4 months prior to our sampling. A comparison to NOAA's Status and Trends
data demonstrate this trend (Table 7). The Status and Trends samples were taken
during December or January of each year when prevalence and infection intensity
would be expected to be lower than during the April and May period supplying the
present data. Prevalence was not significantly correlated with any variable (except
infection intensity). The failure of prevalence to correlate with other variables is
not uncommon along the Gulf of Mexico coast (e.g. Powell et al., 1992). Factors
controlling transmission rate are poorly understood (Hofmann et al., submitted) and
recent community history is an important determinant (Powell et al., submitted a)
not taken into account by simple regression analyses.

False negatives are frequently recorded with the conventional thioglycollate method
when infection intensity is low. The average prevalence over the entire bay was just
12.9% using the standard thioglycollate method. Figure 12 compares prevalences
using the quantitative method of Wilson et al. (in press) and the semiquantitative
method of Ray (1966). Further assessing putative negatives using the quantitative
method raised prevalence for the entire bay to 53.3%. Of additional note, only a
weak correlation existed between the two determinations. That is, sites with low
true prevalence, assessed quantitatively, and sites with high true prevalence, were
just about as likely to show low prevalence by the semiquantitative technique. The
explanation for this phenomenon lies in the low infection intensities found during
the sampling period at sites with high prevalence. Many very light infections were
judged negative by the standard thioglycollate assay.

P. marinus infection intensity was highest in West Bay (Table 3, Figs. 2, 13),
however infection intensities were generally low in keeping with the time of year
when sampling was conducted. Mean infection intensity was correlated with
salinity (Table 4). Infection intensities were much lower in our study than noted by
Soniat et al. (1989) (Table 5), Hofstetter (1966, 1977, 1983), or Hofstetter et al.
(1965). Hofstetter (1977) recorded that most average yearly infection intensities for
1962 through 1972 varied between 1 and 3. Baywide averages recorded by NOAA's
Status and Trends Program from 1986 to 1992 for the winter months never
averaged as low as seen in our sampling (Powell et al., 1992; our unpublished data).
Sampling during a period of much lower than average salinity explains our lower
infection intensities.
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Hofmann et al. (submitted) and Powell et al. (submitted a) concluded that a simple
increase in infection intensity as a function of size or biomass frequently does not
exist in infected oyster populations because of unpredictable larval settlement
sporadically adding uninfected oysters, a more rapid disease intensification in
smaller individuals, and variations in infection-produced mortality among
individuals of different size. Although newly settled spat are uninfected,
transmission rates are rapid enough that many individuals will become infected
within a few months of settlement, but transmission rate is not necessarily
dependent upon the rate of juvenile growth. Furthermore, smaller individuals
require fewer population doublings of the parasite population to reach a given
infection intensity. Accordingly, the larger size classes may not always be the most
heavily-infected individuals nor may they always be representative of the entire
population, even though they are the normally-sampled size class for the
thioglycollate assay.

In Figure 14, we provide four examples of the relationship between infection
intensity and length or biomass, chosen from three different regions of the bay.
Correlations are poor, as anticipated from Hofmann et al. (submitted). Powell et al.
(submitted a) argued for the necessity of measuring P. marinus prevalence and
infection intensity throughout the size-frequency spectrum of oyster populations to
adequately evaluate the disease process. Our data (Table 8) show that substantial
variation in prevalence and infection intensity between size classes is the rule
rather than the exception. Sole dependence on the market-size classes for analysis,
as is the rule for these assays, may seriously underestimate or overestimate
infection intensity in the entire population.

Thais haemastoma was only collected in West Bay and on Half Moon Reef in
Galveston Bay. This distribution is considerably more restricted than that noted by
Hofstetter (1977) due to two consecutive years of unusually low salinities. Crabs
were collected on all reefs (Table 3, Figs. 2, 15). Most crabs collected were mud
crabs (Petrolisthes armatus, Panopeus herbstii and Eurypanopeus depressus}.
Highest crab densities were recorded in West Bay, the southwestern portion of
Redfish Bar to Smith Point, and in the Red Bluff area. Lowest abundances occurred
in most reaches of the Houston Ship Channel, Trinity Bay, East Bay and in the
Dickinson and Clear Lake Embayments. The number of crabs was correlated with
oyster biomass and P. marinus mean infection intensity and inversely correlated
with condition index (Table 4). No simple correlation with salinity existed, nor was
fishing status important.

The carapace width size-frequency distributions for the crabs collected are shown in
Figure 16. Most crabs collected had carapace widths of 10 mm or less. Larger crabs
were collected at a few scattered sites such as South Deer Island Reef and Bull
Shoals Reef. Larger crabs were not obviously associated with open or closed reefs,
with a particular salinity regime, or with particular areas of the bay. Although Chi-
square tests uncovered significant differences between sites in crab size-frequency
distributions, grouping data by salinity, fishing status, or region did not produce
significant differences unexplained by local variation.
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Highest mussel density was observed on Yacht Club Reef (Table 3, Figs. 2, 17).
Lowest mussel densities were observed in West Bay and along the Houston Ship
Channel. Highest densities were observed in northern East Bay, Trinity Bay, and
the western part of Galveston Bay from the Clear Lake Embayment to Morgans
Point. In general, as has been noted elsewhere (Moore and Danglade, 1915; Moore,
1907), mussels were more abundant at lower salinity sites. This relationship
appeared to be a step function with sites having salinities less than 14 ppt normally
characterized by high mussel densities and sites having salinities above 14 ppt
usually having few mussels. Mussels were significantly correlated with oyster
biomass and inversely correlated with the abundance of market-size individuals
(Table 4). No significant correlation occurred with salinity in the regression
analysis because the relationship with salinity was nonlinear.

Most mussels were also small, less than 20 mm (Fig. 18). Some reefs had a larger
proportion of large mussels, like Tern Reef, Todd's Dump, Buoy 63, and April Fools
Reef. Larger mussels were not obviously associated with open or closed reefs, with
a particular salinity regime, or with particular areas of the bay. Nor were large
mussels found primarily on reefs having small or few crabs. Although Chi-square
tests uncovered significant differences between sites, grouping data by salinity,
fishing status, or region did not produce significant differences unexplained by local
variation. Accordingly, the factors affecting the size-frequency distributions of
mussels could not be identified.

Barnacle encrustation was highest in the moderate to low salinity regions of the bay
as may be typical for Texas bays (e.g. Moore and Danglade, 1915). Bryozoan growth
was highest in the high salinity regions of the bay, particularly West Bay and the
Dickinson Embayment. Polychaetes were common only in West Bay. Algal
coverage was high only in West Bay and from the Clear Lake Embayment to
Morgans Point west of the Houston Ship Channel. Overall, epibionts and
endobionts followed predictable salinity trends with one exception. Epibiont and
endobiont growth was unusually low along the Houston Ship Channel. More rapid
oyster growth rates in these areas is a possible explanation (e.g. Warburton, 1958).
Only bryozoan coverage was significantly correlated with salinity. Polychaete,
algae and mussel coverage were themselves significantly correlated, but none of
these three were significantly correlated with salinity (Table 4). Barnacle coverage
was not significantly correlated with any parameter. In all likelihood, the
unusually low coverage at Houston Ship Channel sites explains the poor
correlations of these variables with salinity.

Cluster analysis and autocorrelation

Stations clustered primarily by salinity (Fig. 19). Secondary groupings occurred by
region along the salinity gradient. For example, Groups 1, 2, 3, 6, 7 and 8 were
moderate salinity sites that generally divided according to bay region. Groups 1, 2,
and 3 fell on either side of the primary route of outflow of Trinity River water across
the Hanna Reef Tract (see page 177 in the Map Appendix of this report or Map Set
19 in Map Atlas: Volume II). Groups 6, 7, and 8 generally fell within the Trinity
River plume across the same central section of the bay. These latter three groups
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clustered in a more or less upstream-downstream orientation. Groups 4 and 5 were
low salinity sites in East and Trinity Bays that clustered separately from the low
salinity sites west of the Houston Ship Channel, Group 10. High salinity sites were
divided between the productive region in easternmost West Bay, Group 9, and the
depauperate areas of central West Bay and the Pelican Island Embayment, Group
12. Group 11 consisted of the two sites suffering flood-induced mortalities just prior
to collection. Under normal conditions, these sites probably would have fallen into
Groups 7 or 8. No groups distinctly distinguished sites by their fishing status: open
versus closed.

Correlograms were used to identify scales of similarity and dissimilarity in the
measured variables. As expected for environmental variables, stations further and
further apart became increasingly less similar in salinity (Fig. 20). The scale of
significant similarity was on the order of 25 km. Variables associated with the
oysters themselves, like shell volume, biomass, and abundance, showed scales of
patch size in the range of 10 to 15 km, a much smaller scale than observed with
salinity (Fig. 20). A secondary, much weaker signal occurred in the 40 km range.
Thus, similarity in oyster variables between sites only existed over short spatial
scales, rarely more than one site removed from any given site. Measures of oyster
condition, such as condition index, gonadal-somatic index and egg quantity, followed
similar spatial trends (Fig. 20). Scales of similarity of P. marinus prevalence and
infection intensity, crab abundance and mussel abundance were distinctly smaller,
less than 10 km (Fig. 20). The four types of associated epibionts and endobionts,
generally had longer scales of similarity, 15 to 20 km for bryozoans and barnacles
and 10 to 15 km for algae and polychaetes (Fig. 20).

Results of directional autocorrelational analyses are reported in Figure 21. In
general, the variables fell into three main groups. Directional trends for oyster
density, crab density, juvenile and submarket-size density, and oyster biomass were
similar to the distribution of shell volume which had a direction of similarity from
0.25 radians (14°) to 2.5 radians (143°), with a peak between 86° and 143°. The
predominantly east-west orientation of similarity in these variables approximates
the directional trend of the barrier reefs, which presumably follow the pre-1900
isohaline pattern of the bay prior to the creation of the ship channel. Salinity had a
preferred orientation of 0.25 to 1.5 radians and 3.0 to 3.14 radians (14° to 86°, 171°
to 180°), as did maximum clump size. This directional trend was substantially
different from that observed for oyster density and shell volume. The dominant
north-south component follows the trend of the isohalines that parallel the Houston
Ship Channel. Gonadal-somatic index, egg quantity, P. marinus prevalence, algal
coverage, box frequency, and polychaete abundance follow this isohaline pattern
with a preferred direction of similarity between 3.0 and 3.14 radians (171° to 180°
from N). Several other variables showed a trend diametric to salinity: condition
index, bryozoan coverage, barnacle coverage (to some extent), mussel density, and,
to some extent P. marinus infection intensity which also had attributes
characteristic of the group defined by shell volume and oyster density. These
variables had a predominant east-west direction of similarity in accordance with the
direction of the primary barrier reef tracts and the pre-1900 isohaline structure, but
the direction of similarity was much more focused than observed for oysters and
shell volume.
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Discussion

Spatial and directional structure

Both spatial scale and directional trends in spatial structure differed significantly
among the variables assayed. Four spatial scales of similarity (akin to patch sizes)
could be differentiated. Salinity had the longest spatial scale of similarity, about
25 km, followed by a variety of endobionts and epibionts at a slightly smaller scale
of similarity, then oysters and associated measures defining condition, and finally
predators, P. marinus and the mussel competitor. Three types of directional
similarity were present; predominant trends parallel to the salinity isohalines,
predominant trends perpendicular to the isohalines, and predominant trends
determined, possibly, by the geological orientation of the reefs that presumably
follow the pre-1900 isohaline structure of the bay.

Salinity was the primary structuring force in the bay. Cluster analyses, taking into
account all measured variables, produced groupings primarily defined by salinity.
Many of the directional trends were related to salinity and many of the variables
had significant partial correlations with salinity or with other variables themselves
significantly correlated with salinity. However, a considerable portion of the spatial
structure was not explained by salinity. Two or more distinct groups were defined
by cluster analysis within each broad salinity category. Most variables had spatial
scales of similarity much smaller than did salinity. In effect, patch size extended
over a significantly smaller area than explained by the local variation in salinity.
Many variables had directional trends considerably different from salinity and, in
fact, some had trends diametric to salinity. Accordingly, other factors were present
that exerted a significant effect on the spatial structure of oyster reefs in Galveston
Bay besides salinity.

One interesting feature of the spatial structure was the variation in scale of patch
size between the oysters, crabs, P. marinus, and the mussel. The predator, parasite
and competitor seemed to respond to factors other than oyster abundance or shell
availability. The larger scale of patchiness suggests a more significant impact of
salinity on these organisms than on the oysters themselves, which is a well-
documented phenomenon.

Local versus regional control

Local factors exist that modify the spatial structure of oyster communities
established within the regional salinity gradient. One such factor might be the
degree of exploitation of the various reefs by the commercial fishery. Although the
effect of the oyster fishery on oyster populations is controversial, shellfish
harvesting can affect local community structure (e.g. Peterson et al., 1987). If the
effect of the fishery was important, significant differences between open and closed
areas should be present. Although all variables assayed varied considerably over
the bay, none clearly varied with respect to whether the reefs were open or closed,
with the possible exception of shell volume. Some closed reefs are fished during the
summer relay season and others are not. In addition, the fishing effort on the open
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reefs varies considerably among the reefs sampled. Accordingly, identifying subtle
effects of the fishery in this data set is probably not possible. However, no
overriding impact was observed based on the health-related variables assayed here
and the accompanying reef survey did not identify any effect of the commercial
fishery on reef accretion or loss. Furthermore, taking all factors into account, the
healthiest reefs were in the most heavily-fished areas, so that no deleterious effect
of the commercial fishery could be discerned in this study.

A second factor might be the availability of cultch material. Shell volume correlated
best with oyster abundance and trends in directional similarity for shell volume and
oyster abundance bore a strong resemblance to one another. However, many sites
with available cultch had few adults and market-size abundance did not correlate
nearly as well with shell volume as did total oyster abundance nor was the pattern
of directional autocorrelation very similar. Probably, production on most reefs in
the bay is not limited by shell availability and other factors than recruitment
success are important in determining local productivity and survivorship to market
size. However, shell budgets for these reefs have not been measured. Accordingly,
the importance of shell availability in determining oyster abundance cannot be
unequivocally evaluated.

Two important factors operative on spatial scales smaller than salinity which could
affect community structure and health are current flow and food supply. The sites
along the Houston Ship Channel differed from others of equivalent salinity in many
regards for example, probably because current flow was higher. Sites west of the
Houston Ship Channel and south of Todds Dump generally are lower in turbidity
(our unpublished data). Lower turbidity, by increasing filtration rate, allows
oysters to obtain more food (Powell et al., 1992b). Both turbidity and food supply
were highly spatially variable and this variability did not necessarily follow the
isohaline structure of the bay (our unpublished data). Many correlations, between
for example juvenile abundance and gonadal-somatic index, suggest that some
locations were more conducive to oyster production than others within a similar
salinity regime. These data agree with the accompanying reef survey which showed
that reefs accreting or losing area were not distributed solely with respect to
salinity.

Model simulation

Simulation modeling was used to further define the reasons for the spatial
distributions observed. The TAMU/ODU model was run using mean conditions of
temperature and freshwater inflow, so that the simulation addressed the conditions
in Galveston Bay that occur about 60% of the time rather than the flood conditions
that were present during the sampling period. Nevertheless, the simulations
showed considerable similarity to the field data collected.

The distribution of oyster abundance in the simulated population was similar to the
observed distribution of oyster abundances. Highest abundances occurred on
Redfish Bar and along the Houston Ship Channel (Fig. 22). The abundance of
market-size oysters differed slightly between that observed in the field and that
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calculated for the simulated population because the simulation contained a low
salinity event in the San Jacinto portion of the bay. Accordingly, adult abundance
was lower in the Buoy 75 to Morgans Point reach in the simulated population than
observed. Otherwise, however, observed adult abundances were similar in the
simulated population in Galveston Bay proper (Fig. 23). Higher production in the
Deer Island area of West Bay, as compared to East Bay for example, is recorded in
both the simulated population and the real data set. Similarly, low production in
upper East Bay and the Clear Lake Embayment is observed in both cases and
mortality due to low salinity is observed in Trinity Bay and along parts of Redfish
Bar (Bowling 1992; Hofstetter, 1977). These trends are also present in biomass (Fig
24).

A final discrepancy between the simulated population and those observed in this
study was the higher abundances in the Carancahua Reef area of West Bay and in
the Pelican Island Embayment in the simulated populations. These higher
abundances suggest that both areas are characterized by environmental conditions
more satisfactory for oyster production than might be inferred from present
densities. The observed absence of adult oysters and the presence of suitable cultch
material suggests that an adequate larval supply does not exist under present
conditions. Gaitsoff (1931) records considerable production in the Pelican Island
Embayment early in this century and suggests that the Texas City Dike was
responsible for the deterioration of this fishery. The dike reduces current flow
through the Pelican Island Embayment from Galveston Bay proper and would
prevent a supply of larvae from the main portion of Galveston Bay from reaching
this area. Furthermore, the tidal node for West Bay is now located near
Carancahua Reef so that little net transport of water occurs upestuary or
downestuary over this reef. Reduced current flow at Carancahua Reef can be
inferred from the degree of siltation on the reef crest. No net water transport over
Carancahua Reef might minimize larval transport to this area. On the other hand,
larval recruitment is certainly adequate in the Deer Island area, but, then, current
speeds are also locally higher around these reefs. Although some factor important
in West Bay may not be included in the TAMU/ODU model, our data and
simulation corroborate Galtsoffs (1931) view that the Texas City Dike has
significantly reduced oyster production in West Bay by reducing water flow into
West Bay from Galveston Bay proper.

Recognizing the absence of the Trinity River flood in the simulation, the distribution
of the number of eggs produced among simulated populations (Fig. 25) was similar
to the observed distribution in gonadal-somatic index. Thus, reefs with populations
nearly ready to spawn in our samples, Redfish Bar, the Hanna Reef Tract, and the
Houston Ship Channel reefs, produced more larvae in the simulated population.
The lower gonadal-somatic indices in West Bay observed during our sampling
correspond with the generally lower number of adult individuals, as previously
discussed. The simulated populations once again suggest that the Pelican Island
Embayment should be characterized by a higher fecundity than observed. Similarly
the discrepancies in the simulated populations and those observed in Trinity Bay
and the San Jacinto segment of Galveston Bay correspond with the variation in
freshwater inflow pattern between the simulation and the year 1992.

74



The pattern of P. marinus prevalence and infection intensity differed considerably
due to the variation in salinity regime between the simulated conditions and the
conditions present prior to sampling in 1991/1992 (Figs. 26, 27). However, the
endemism of P. marinus in the Deer Islands area of West Bay and the relatively
high infection intensity in the Dickinson Embayment, particularly around April
Fools Reef, is present in the simulated populations as is the relatively high infection
intensities along the Houston Ship Channel.

Finally, the distribution of juveniles as observed agreed well with the simulated
oyster populations. Most recruitment occurred along the Houston Ship Channel, on
Redfish Bar, and the Todds Dump area. The simulation suggests a higher degree of
recruitment than observed in West Bay, once again pointing to the failure of
observation to agree with simulation in this area.

Temporal trends in health parameters

Oysters are susceptible to persistent population declines (Powell et al, in press).
Changes in growth form and disease intensity (Lunz, 1938; Wade et al., 1992;
Wilson et al., 1990) may be associated with environment degradation. Changes in
food supply may also affect population abundance (Powell et al., submitted b;
Ulanowicz and Tuttle, 1992). Unfortunately, climatic cycles, such as El Nino, also
affect most of the measured variables (Powell et al., 1992; Wilson et al., 1992), as
they do most shellfish (Hettler, 1992; Childers et al., 1990). Although previous
measurements of many of these parameters exist for Galveston Bay (e.g. Soniat et
al., 1989), a long-term data set sufficient to distinguish unidirectional changes due
to environmental degradation or improvement from changes produced by climatic
cycles does not exist. As an example, the comparison made between the
measurements of Soniat et al. (1989), Choi et al. (1993), Powell et al. (1992a), and
those reported here (Tables 5-7) show substantial variations in abundance and
health; however it is likely that these can be attributed, at least in part, to the El
Nino cycle. The current sampling was conducted during an El Nino (Halpert and
Ropelewski, 1993; NOAA, 1989) whereas the sampling of Soniat et al. (1989) took
place during a La Nina period, the sampling of Choi et al. (1989) during a transition
phase, and the sampling of Powell et al. (1992a) during both El Nino and La Nina
periods. Freshwater inflows normally vary considerably between the two extremes
(Kahya and Dracup, 1993). The variations observed, then, could easily be produced
by simple climate variation.

Further complicating these comparisons is the problem associated with false
negatives in the P. marinus analyses. Hofmann et al. (submitted) and Choi et al.
(1989) discussed the occurrence of false negatives using the standard thioglycollate
technique. In this study, the use of a quantitative technique for all suspected
negative infections increased prevalence substantially. False negatives were
common and, unfortunately, relatively more common at some sites than others in
comparison to what might be inferred from the infection intensity of individuals
recorded as positive by the standard thioglycollate method. Comparisons in Tables
5 and 7 were made using the results of the standard assay which considerably
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underestimates prevalence and infection intensity. The degree to which false
negatives occur is not easy to ascertain, then, yet they exert a significant impact on
infection intensity as standardly calculated.

Hofmann et al. (submitted) also showed that the results of P. marinus analyses will
be crucially dependent on the size and age structure of the sampled population.
Variations in prevalence and infection intensity are partly controlled by
environmental conditions and partly controlled by community history, the history of
introduction of uninfected individuals, disease transmission and mortality
(Hofmann et al., submitted). In our samples, prevalence and infection intensity
varied considerably among size classes. As this size and age structure changes from
year to year and is rarely recorded in reports of P. marinus prevalence and infection
intensity, important questions concerning the temporal trends in population health
cannot be answered without a long-term data set and careful control of the size
classes assayed. Thus insufficient data presently exist to differentiate climatic and
stochastic changes from true unidirectional trends.

Predation versus disease

One of the interesting aspects of population dynamics is the likely relative
importance of predators, competitors and diseases in controlling oyster production.
Simulations can be used to assess the potential importance of these agents of
mortality and morbidity in Galveston Bay. Simulations using the density and size
frequency of mussels encountered in this study suggest that mussel densities are
generally too low to restrict food availability under the current flow regime and food
supply presently available in Galveston Bay. Comparison of P. marinus -induced
and predator-induced mortality, using the densities and size-frequencies of the
predators as observed and initializing the model with the measured P. marinus
prevalences, suggests that the two sources of mortality share about an equal
proportion of yearly mortality, based on abundance, over the entire bay. Of course,
in certain areas, one source of mortality is relatively more important than another.
The predators, however, prey predominantly on the smaller size classes.
Accordingly, based on biomass, P. marinus has a much more significant effect and
probably accounts for much of the natural mortality in the market-size fraction of
most populations, as suggested by Hofstetter (1977), and represents a significant
factor in restricting and structuring fecundity in the bay.

Conclusions

Examination of the spatial structure of community and health-related variables of
Galveston Bay oyster populations reveals that factors other than salinity play an
important role in determining the status of individual populations. The factors,
current flow and food supply being likely candidates, create patch sizes of 10 to 15
km in extent and produce directional trends that frequently do not run
perpendicular to salinity isohalines. The results of this onetime spatially-intensive
survey corroborate the integrated picture from an assessment of the 20-year trends
in reef accretion and loss which suggested that selected areas of the bay have a
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much higher inherent productivity than other areas. Many of these areas are in the
moderate to high salinity regions of the bay. This inherently higher productivity
occurs despite higher predator abundance and significantly higher prevalence and
infection intensity of P. marinus at these sites.

Three sets of data, the accompanying reef survey, the present health survey, and
the simulation, suggest that the most productive regions of Galveston Bay under
most conditions are the South Redfish Reef/Dickinson Embayment area, the reefs
adjacent to the Houston Ship Channel southeast of Buoy 75, the Bull Hill area of
the Hanna Reef Tract, and to some extent the Deer Islands/Confederate Reef area of
West Bay. These four areas accreted the most reef in the Galveston Bay system
over the last 20 years, they were observed to be the most productive areas under the
conditions of the simulation (mean monthly freshwater inflow and mean daily
temperature), and they generally produced the healthiest oyster populations in the
health assessment, as measured by density, size-frequency distribution, and
gonadal state. Both the health assessment and the simulation suggest that the
South Redfish Reef and Houston Ship Channel area could be a principle location for
brood stock in Galveston Bay.

As one final check, we ranked the 51 sites according to five variables directly related
to condition: oyster abundance, oyster biomass, gonadal-somatic index, P. marinus
infection intensity, and condition index. Each site was given a weight from 1 (best)
to 51 (worst) according to their position when ranked among the 51 (Table 9).
Fifteen of the seventeen top sites are along Redfish Bar, the Houston Ship Channel
or in the Dickinson Embayment. Sites in West Bay, Trinity Bay, and upper East
Bay normally ranked in the lower third of all the sites. These rankings agree with
the model and with the reef survey.

Comparison of the field data and the model simulation also shows that the most
important discrepancy between observation and expectation occurs in the Pelican
Island Embayment and central West Bay. Whether due to restricted larval
availability or some unidentified source of environmental degradation, this area is
currently supporting much lower production than would be expected from known
conditions or which was observed previously (Galtsoff, 1931). Probably, the Texas
City Dike is responsible for at least a portion of this discrepancy.

Finally it is interesting to note that the Redfish Bar area under pre-1900 conditions
was not productive (Galtsoff, 1931). The reef was too shallow and production was
limited by current flow and a sharp salinity gradient. Most dredged channels are
responsible for significant local changes in isohaline structure (e.g. Raney, 1988;
Counts and Bashore, 1991). The productivity of the central part of Galveston Bay
from the Dickinson Embayment across the Redfish Bar Reef Tract would appear to
be the result of the dredging of the Houston Ship Channel and the gradual
expansion of reefs parallel to the new isohaline structure of the bay. The data and
model simulation demonstrate that local factors, probably related to food supply and
current flow, can override the negative effects of increased mortality due to
predation and disease and permit the production of healthy oyster populations in
relatively moderate to high salinity areas. The region of highest inherent
productivity in the bay, and also the region of greatest reef accretion, exists in the
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TABLE 1 — Reef Sampling Sites. Site names, abbreviations, locations (degrees and
decimal minutes), the number of dredge hauls, area sampled, shell volume collected in the dredge
hauls, and temperature (C°) and salinity (ppt) for the 51 sampled sites.

Site

April Fools Reef
Buoy 53/55
Buoy 73/75
Bart's Pass Reef
Big Beezley Reef
Bull Hill
Bull Shoals
Buoy 59
Buoy 63
Confederate Reef
Dickinson Reef
Dollar Reef
Dow Reef
East Redfish Reef
South Redfish Reef (east)
Fisher Reef
Four Bit Reef
Frenchy's Reef
Gale's Reef
Gaspipe Reef
Half Moon Reef
Lost Beezley Reef
Levee Reef
Lone Tree Reef
Mattie B. Reef
Middle Reef
Morgans Point Reef
Green's Cut Reef
Carancahua Reef (north)
North Deer Island Reef
Hanna Reef
North Redfish Reef
Pelican Island Reef
Pepper Grove Reef
Possum Pass Reef
Red Bluff Reef
Richard's Reef
San Leon Reef
Carancahua Reef (south)
Scott Reef
South Deer Island Reef
Hanna Reef (south)
Shell Island Reef
Stephenson Reef
Tern Reef
Todd's Dump
Trinity Reef
Vingt-et-un Reef
Whitehead Reef
South Redfish Reef (west)
Yacht Club Reef

Site
Abbreviation

APRIL
B5355
B7375
BARTS
BBEEZ
SBHILL
BSHOA
BUO59
BU063
CONFE
DIKIN
DOLLA
DOWRE
EREDF
ESRED
FISHE
FOBIT
FRENC
GALES
GPIPE
HMOON
LBEEZ
LEVEE
LONTR
MATTI
MIDDL
MORPT
MWBAY
NCARA
NDEER
NHANN
NREDF
PELIS
PEPGR
POSSU
RBLUF
RICHA
SANLE
SCARA
SCOTT
SDEER
SHANN
SHHS
STEPH
TERNR
TODDS
TRIM
VINGT
WHEAD
WSRED
YACHT

Date

16/04/92
28/04/92
27/04/02
27/04/92
26/04/92
21/04/92
03/05/92
28/04/92
28/04/92
13/04/92
16/04/92
15/04/92
26/04/92
29/04/92
29/04/92
26/04/92
03/05/92
20/04/92
22/04/92
26/04/92
15/04/92
02/05/92
15/04/92
21/04/92
03/05/92
21/04/92
20/04/92
14/04/92
14/04/92
13/04/92
02/05/92
29/04/92
12/04/92
22/04/92
28/04/92
25/04/92
26/04/92
20/04/92
14/04/92
20/04/92
14/04/92
02/05/92
14/04/92
22/04/92
27/04/92
16/04/92
25/04/92
27/04/92
22/04/92
29/04/92
25/04/92

Latitude

29° 28. 87'
29° 30. 06'
29° 35.89'
29° 32.25'
29° 39.47'
29° 28.38'
29° 29.42'
29° 3 1.55'
29° 32.38'
29° 15.83'
29° 27.86'
29° 26.40'
29° 39. 08'
29° 30. 23'
29° 29.52'
29° 40.31'
29° 27.74'
29° 3 1.32'
29° 30.73'
29° 30. 80'
29° 23.99'
29° 28.63'
29° 26.57'
29° 32.47'
29° 29.27'
29° 30. 18'
20° 39. 60'
29° 15.25'
29° 13.45'
29° 16.63'
29° 28.83'
29° 30.25'
29° 20.40'
29° 29.05'
29° 3 1.55'
29° 36. 16'
29° 3 1.42'
29° 30.40'
29° 12.91'
29° 34.45'
29° 15.79'
29° 27. 29'
29° 11. 43'
29° 32. 03'
29° 36.42'
29° 29.99'
29° 41.33'
29° 33.91'
29° 31. 28'
29° 29.58'
29° 37.30'

Sampled
No. of Area

Longitude hauls (m^)

94° 55.00'
94° 52.35'
94° 56.65'
94° 48.00'
94° 52.81'
94° 44.81'
94° 47. 28'
94° 53.54'
94° 54. 17'
94° 54.59'
94° 55.28'
94° 52.50'
94° 54.37'
94° 49.25'
94° 49.70'
94° 51. 35'
94° 50.66'
94° 35.87'
94° 40. 51'
94° 47.50'
94° 50.99'
94° 48. 99'
94° 53.86'
94° 38.38'
94° 46.36'
94° 39.38'
94° 58.59'
94° 59.20'
95° 00.81'
94° 55.09'
94° 43.49'
94° 51 .49'
94° 52.94'
94° 39.29'
94° 48.32'
94° 58.42'
94° 44.36'
94° 56.33'
95° 00.02'
94° 59.41'
94° 55.85'
94° 42.38'
95° 01. 02'
94° 41. 12'
94° 50.93'
94° 53.59'
94° 50.44'
94° 46.94'
94° 42.94'
94° 51. 25'
94° 59.55'

3
2
2
1
2
2
3
3
3
2
2
4
4
1
1
3
2
2
4
1
2
2
3
3
2
3
4
2
3
2
4
1
2
4
3
2
2
4
3
2
2
4
3
4
1
4
4
1
4
1
1

150.7
118.4
98.3
39.5

111.2
114.8
157.1
177.2
183.7
91.8
91.8

196.6
200.2
35.9
58.8

131.3
101.9
118.4
196.6
39.5
95.4
78.9

160.7
173.6
124.8
177.2
229.6
95.4

164.3
101.9
216.7
58.8

114.1
144.2
160.7
88.3
91.8

247.5
173.6
104.8
104.8
216.7
177.2
196.6
56.0

219.6
180.1
39.5

210.2
39.5
35.9

Shell
Volume

collected (1)

5.5
12.0
21.0

9.0
7.0
7.5
8.0
6.0

14.5
10.5
5.5
2.5
0.5
8.0

11.0
0.8

13.0
4.0
4.0

10.0
3.5

11.0
2.5
7.0

11.0
6.0
1.3
5.0
1.5
5.5
7.0

10.0
1.3
5.0
6.0
8.5
6.0
4.5
3.0
2.9

11.5
4.0
4.0
2.5
6.0
3.0
3.0
4.0
2.7

10.5
8.0

Temperature Salinity
(°Q (PPt)

25.0
22.0
22.5
22.5
24.0
23.0
24.0
22.0
22.0
24.0
25.0
23.8
24.0
22.3
22.3
24.0
24.0
22.5
23.5
21.5
22.0
24.0
24.5
22.5
23.8
23.5
23.5
25.5
26.0
24.5
23.3
22.0
24.5
22.6
22.3
23.8
21.5
23.8
24.8
23.8
26.0
23.0
26.0
23.5
22.5
24.5
23.3
22.5
23.5
22.5
23.5

9
5
3
0
3
2
8
5
5

14
10
8
4
2
2
3

13
4
5
0

17
10
7
4
7
4
4

13
14
14
6
4

14
4
0
3
1
7

14
6

13
8

14
3
2
8
3
0
3
5
2
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TABLE 2 - The TAMU/ODU oyster population dynamics model. Further
information can be found in Hofmann et al. (submitted), Powell et al. (1992b, in press, submitted c).

Size class structure
Crassostrea virginica

Perkinsus marinus

Mussel population

Governing equations

11 size classes, denoted by subscript j, defined in g
AFDW (Table 1); j = 1 to 3, juveniles

28 infection levels, designated by the subscript k;
k = 1, uninfected oysters; k = 2 to 27, degrees of
infection defined as one population doubling per
level; k = 2, initial infection of one cell

7 size classes in 1 cm intervals denoted by the
subscript m

NPjk = Pgjk + Prjk = Ajk - Rjk -

net production; Pgjk , somatic production;
Prjk, reproductive production; Rjk, respiration;
assimilation; Ejk , P. marinus consumption

dOi = Pgjk + Prjk + (gain from j - 1) - (loss to j + 1) + (gain from j + 1)
- (loss to j - 1) + (gain from k - 1) - (loss to k + 1)
+ (gain from k +1 ) - (loss to k - 1)

Ojk, the change in oyster standing stock with time
in each size class and infection level is the sum of
local growth of somatic and reproductive tissue
plus the addition of individuals from the previous
size class or loss to the next largest size class by
growth, plus the movement of individuals up or
down in infection intensity as the P. marinus
population increases or decreases in cell number;
recognizing Prjk = 0 for j = 1,3

Unusual Transfers
Settlement of spat occurs exclusively in size class 1, infection level 1 (On);
movement of oysters between infection level 1 (uninfected) and infection level 2
(newly infected by 1 cell) occurs only in the positive direction, a gain of infection;
the P. marinus calls and oyster biomass are permanently lost from the
population for oysters transferring into the infection level defined as a lethal
infection
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Crassostrea virginica Component

Feeding and assimilation:
Filtration rate and water flow

Primary Equations

Ft + (uF)x + (wF)z - (AFZ)Z + oFO = 0

ux + wz = 0 0, oyster biomass

F, food

A, vertical diffusion coefficient

filtration rate a = SFRdjk(t^i)

subscripts, partial derivatives.

Characteristic velocity profile

u[x,z] = u0[x]ln(z/z0) ^ flow at the upper edge of the box

UQ[X] = ^[x]/ln(h/zo) h, thickness of the bottom flow

zo, bottom roughness parameter = 10%
of height of oyster clumps

Food assumed to be a linear function of distance across the box

F = Fo[t] + (x/L)Fi[t] o»l> the upstream and downstream box faces

F is integrated over the box and the average amount of food in the box
during one time step calculated by differencing over time

F0[t=l] = F00

i
Fi[t=l] = FI =[-2aAtF00 + (A t/hL) (D1 = D<>)] /

[l + .5aA tO° + [(MM + rfO] At/2L] [1 - l/ln(h/zo)]]

Food reduction factor
1

Fred + (F0o + -5Fi) / Foo)
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Food Content

i = Fred FOO

Conditions for simulation

Box length = 1 m
Thickness of bottom flow (h) =5.4 cm

Filtration rate and temperature

0.96 0.95

FRj - U 2
2.95

0.317 0.669
Lj = Wj 10 filtration rate (FRj) in ml filtered ind'1 min'1;

length (Lj) obtained from Wj, the ash-free
dry weight in g; T, temperature

Filtration rate and salinity

at S ;> 7.5%c FRsj = FRj
at 3.5%0 < S < 7.5%c FRsj = FRj (3.5 - S) / 4.0
at S <s 3.5%* FRsj = 0

S, ambient salinity

Filtration rate and turbidity

T = T red "too calculated similarly to f*

T = (4.17xlO~4) (10° 418x) T, total particulate content (inorganic + organic)
in g 1-1; x, the percent reduction in filtration

rate

FRxj = FRsj [l - .01°(logio T + 3.38)1
0.418

Ingestion

Ijk = i FRDjk f*, the measured food value (mg I"1)

Assimilation

Ajk = IjkAeff Aeff, the assimilation efficiency
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Respiration:

Respiration and temperature
b-1

Rj = (69.7 + 12.6T)Wj Rj, in }A C>2 consumed hr-1 g dry wtr*;
b = 0.75

Respiration and salinity

at T < 20°C Rr = .007T + 2.099

at T ;> 20°C Rr = .0915T + 1.324

at S > 15%o RTJ = RJ

at W%o <S< 15%o RTJ = Rj(l. +[(Rr-l.)5.*(15. -S)])

at S < 10%* RTJ = RjRr

Reproduction:
Juvenile/adult boundary 0.39 g ash-free dry weight, about 50 mm long

Prjk = Reffj NPjk for adult size classes

Ref^k = 0.054T(t) - 0.729 for January to June

Refgk = 0.047T(t) - 0.809 for July to December

when NPjk < 0 preferential resorption of gonadal tissue

Spawning when the reproductive biomass exceeds 20% of
total biomass

Male/female ratio

fratio = 0.021 Lb — .62 fratio, the ratio of females to males;
Lb , length in mm

Eggs spawned

Tfjk = 0.20 Ojk when the reproductive biomass exceeds 20%
of total biomass

# eggs spawned = Rfjk 1/6133 l/Wegg

Wegg = 2.14 x 10~14 Vegg Vegg, oyster egg volume
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Larval recruitment:
Larval life span

Mortality:
Larvae

# larvae recruited spawn-1

= s(# eggs spawned)

Post-settlement population

20 d

s, the mortality rate, in spawn-1

M(p) = kp (# living), for j = n, o M(p), the number of dying per time;
kp, the daily mortality rate (day-1);
n and o, the inclusive size classes affected by
mortality

Low salinity mortality

M(s) = kB(# living)

kg - (-.000348S + .01764)T - (-.00232S + .3089)
M(s), the number of dying per time;
k, in day-1; S, salinity (%c);
T, temperature (°C)

Caloric conversions:

oysters

food

oyster eggs

6100 cal g dry wt"1

5168 cal g dry wt"1

6133 cal g dry wt-1

Perkinsus marinus Component

Cell growth and mortality

Cell division rate: temperature effects

rd [T] = rd [TJ e0.06931 (T (t) - T0)
TO = 20°C;
ra [T], the specific rate of cell division
(day-1); rd [T0], the rate at 20°C
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Cell division rate: Salinity effects

For salinities above 10%e

rd [T,S] = rd [T0]

For salinities below 10%o

rd [T0] = rd [T0, S0]

rd [T,S] = rd [T0, S0] (S/10.) eO-06931(T(t) -T0) So = 20%0

Cell division rate: cell density effects

rd[p]jk - min[rd[T,S], 2.45 x 108 r^SKCk/Wj)-1-5

. Ck, cell number; Wj, oyster dry weight;
rd[p]jk, the specific rate of cell division
modified by temperature, salinity and
density (day"1)

Cell mortality rate: temperature and salinity effects

rm[T,S] =

rm[T0,S0] e [-0.08153[S[t]/S0][max[10,T[t]-T0]] e[-0.08153[To - 10.ySo][S[t]-S0]]

rm[T,S], the specific loss rate (day"1)
determined by halving time; rm[T0,S0],
specific loss rate at To = 20°C and So = 20%c

Cell mortality rate: cell density effects

rm[p]jk = min[rm[T,S], 2.454 x 108rm[T,S](Ck/Wj)-
1-5

rmMjk, the specific rate of cell mortality
taking cell density into account

P. marinus energy demand

Growth and respiration

Ec = Er + Eg - EL EC( the energy requirement of the P.
marinus population; Er, the energy
requirement for population respiration; Eg,
the energy requirement for population
growth; EL, the energy equivalent of tissue
loss in the population due to cell mortality
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P. marinus growth

dCjk/dt = [rd[p]jk — rm[p]jk]Cjk ACjk., the number of cells added or lost,
converted to calories exchanged between the
parasite and its host

Egjk = (9.57 x 10 -10 V) ACjk

V = (4 / 3) Ji (D / 2.)3 D, an average cell diameter of 8 /an; V, cell
volume in (jan)3; 9.57 x 10 ~10 converts 5 g
wet wt to 1 g dry wt, 20 joules to 1 mg dry
wt, joules to calories, /*m3 to cm3, g to mg

P. marinus respiration

E,jk= 1.16x 1(H e[0-0693[T[t]-T0]] 10-4 09 VQ.75 Qk

TO = 20°C, 1.16 x 10-4 converts ml O2 to
calories, days to hours, and nl to ml;
0.0693 assumes a Qio of 2

P. marinus effects on oyster physiology

Reduction in filtration rate

Fdjk = FR^(l-Dredjk)

Dredjk = .58 / [57.9 et-2-287 x 10-* ck/Wkl + 1]

Cell density yielding mortality

CLj = lOt2-OSTLogtLj] + 3.2] cLj , the lethal cell density (cells oyster -D;
LJ, anterior-posterior length (mm) converted
from biomass using the conversion of White
et al. (1988)

Transmission

rdl)[k=l] = rdi)b + rOl)0 (Pi + ?2 + PS)
rOn)[k=l]> the specific rate of infection among
unifected individuals; r(rj)b, a background or
population-to-population transmission rate;
r(r])o, the specific rate of transmission
within a known population; PI, P2, PS,
factors varying r(iq)o

r(Y])b =0.2yr-l

rOn)0 = 12.0VT-1
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n o n o
Pi = min(l., E E Njk / E I Njk)

j=l k=2 j=l k=l

n, the number of oyster size classes; o the
highest infection class not resulting in
mortality as defined by CLJ

Effect of infection intensity on transmission

n o
P2=min(l. , E E [Ck/(5.Wj)] / 2.5 x 10$)

j=l k=l
2.5 x 105 cells g wet wt"1, the number of
cells equivalent to a population mean
infection intensity of 3.5; 5., converts dry wt
to wet wt

Effect of oyster density on transmission
n o

P3 = min (l., E E (Njk / 4000.)
j=l k=l

4000 oyster m~2, a relatively high
population density

Mussel component

Effect of oyster filtration rate

Ft + (uF)x + (wF)z -- (AFZ)Z +aFO = 0

a = Fdjk + £Fum Fum, the filtration rate of the mussel
population

Mussel weight

Wm = (Lm
 9576)3.10. -4 8879 Wm> dry wt in g, Lm, length in mm

Mussel filtration rate, temperature effects

0.096 0.095
Fm - L P T

2.95

0.317 .669
Le = Wm 10 Fm, filtration rate (ml filtered ind"1 min-1)
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Mussel filtration rate, salinity effects

at S ;> 7.5 %o Fsm = Fm

3.5 < S < 7.5 %o Fsm = Fm (3.5 - S) / 4.0

S ^ 3.5 %o Fsm = 0

Mussel filtration rate, turbidity effect

Tm = 4.17x10^ * 10°418X

FT - Fsm [i - .01 * ( g i o + 3-38 )]
0.418

Salinity effect on mussel distribution

at S > 14 %o FVm = 0

at S ^ 14 %o F^m = F^m

Model Solution:

An implicit (Crank-Nicolson) tridiagonal solution technique.

Time step for integration: one day.
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TABLE 3 — The primary d£lt£l. Units are as follows: condition index (g dry wt ml-1), P. marinus
mean infection intensity (Mackin's number), P. marinus prevalence (%), eggs present (mg ind"*), gonadal-
somatic index (g dry wt egg g dry wt somatic tissue" 1), shell volume (1 m"^), crabs density (ind m"^), mussel
density (ind m"^), maximum clump size (cm), oyster biomass (g m"^), oyster density (ind m"^, juvenile oyster
density (ind m"^), submarket-size oyster density (ind m"^), market-size oyster density (ind m"^), boxes (ind m"^),
sex ratio (number females/number males), barnacles (% coverage), bryozoans (% coverage), algae (% coverage),
polychaetes (total weight oyster" *).

Condition P. marinus
Index Infection intensity

EAST BAY
Bull Hill
Frenches Reef
Gale's Reef
Lone Tree Reef
Mattie B. Reef
Middle Reef
Hanna Reef (north)
Pepper Grove Reef
Richard's Reef
Hanna Reef (south)
Stephenson Reef
Whitehead Reef

AVERAGE

HOUSTON SHIP CHANNEL
Buoy 53/55
Buoy 59
Buoy 63
Buoy 73/75
Morgans Point Reef

AVERAGE

CLEAR LAKE TO MORGAN'S POINT
Red Bluff Reef
San Leon Reef
Scott Reef
Yacht Club Reef

AVERAGE

TRINITY BAY
Big Breezy Reef
Dow Reef
Fisher Reef
Tern Reef
Trinity Reef
Vingt-et-un Reef

AVERAGE

WEST BAY
Confederate Reef
Green's Cut Shell
Carancahua Reef (north)
North Deer Island Reef
Carancahua Reef (south)
South Deer Island Reef
Pelican Island Reef
Shell Island Reef

AVERAGE

DICKINSON EMBAYMENT
April Fool's Reef
Dickinson Reef
Dollar Reef
Half Moon Reef
Levee Reef
Todd's Dump

AVERAGE

REDFISH BAR TO SMITH POINT
Bart's Pass Reef
Bull Shoals
East Redfish Reef
South Redfish Reef (east)
Four Bit Reef
Gaspipe Reef
Lost Beezley Reef
North Redfish Reef
Possum Pass Reef
South Redfish Reef (west)

AVERAGE

13.160
15.349
14.194
12.292
10.138
12.779
13.088
12.115
9.789

14.315
11.882
12.929
12.669

12.946
12.857
11.449
9.246

12.094
11.718

11.839
18.977
13.846
12.695
14.339

10.867
9.769

_
10.483
7.863

-
9.746

14.365_

-
14.236

-
10.017_

_
12.783

9.011
14.339
19.795
12.454
20.349
15.304
15.209

10.596
8.320

10.205
8.922
9.693

10.611
10.934
10.811
10.631
10.113
10.084

0.248
0.165
0.116
0.173
0.231
0.275
0.157
0.210
0.140
0.348
0.159
0.085
0.192

0.215
0.140
0.273
0.650
0.188
0.293

0.323
0.141
0.151
0.264
0.220

0.296
0.264
0.132
0.305
0.066
0.000
0.177

0.936
0.000
0.000
0.914
0.000
1.213
0.000
0.000
0.383

0.475
0.240
0.258
0.330
0.297
0.085
0.281

0.330
0.173
0.165
0.083
0.099
0.231
0.281
0.198
0.083
0.204
0.186

P. marinus
Prevalence

75.0
50.0
35.3
52.5
70.0
75.0
47.5
56.7
42.5
82.5
48.1
25.8
55.1

62.5
42.5
65.0
77.5
46.7
58.8

85.0
37.5
42.9
75.0
60.1

89.7
80.0
40.0
92.5
20.0
0.0

53.7

88.0
0.0
0.0

92.3
0.0

94.9
0.0
0.0

34.5

70.0
65.0
31.3

100.0
90.0
25.7
63.7

100.0
52.5
50.0
25.0
30.0
70.0
85.0
57.5
25.0
48.7
54.4

Egg Gonadal- Shell
Quantity Somatic Index Volume

127.245
159.621
295.349
58.013

593.694
105.495
454.091

43.073
67.903

524.611
175.946
45.757

220.900

204.131
437.684
485.122
328.018

30.522
297.095

76.765
66.637
48.898

435.058
156.590

31.011
0.000
0.000

45.325
0.000
0.000

12.723

202.522
0.000
0.000

167.213
0.000

272.108
0.000
0.000

80.230

192.483
51.023

410.627
614.328
222.481
250.211
290.192

21.363
190.709
193.955
310.459
744.324

76.393
334.301
68.057
0.000

233.82
217.338

0.051
0.082
0.116
0.018
0.244
0.034
0.187
0.012
0.036
0.231
0.110
0.026
0.096

0.062
0.128
0.130
0.134
0.013
0.093

0.029
0.021
0.011
0.174
0.059

0.040
0.000
0.000
0.031
0.000
0.000
0.012

0.070
0.000
0.000
0.072
0.000
0.100
0.000
0.000
0.030

0.079
0.024
0.160
0.273
0.081
0.116
0.122

0.011
0.086
0.082
0.178
0.327
0.031
0.129
0.021
0.000
0.113
0.098

0.065
0.034
0.020
0.040
0.088
0.034
0.032
0.350
0.065
0.019
0.013
0.013
0.038

0.101
0.034
0.079
0.214
0.006
0.087

0.096
0.018
0.028
0.223
0.091

0.063
0.003
0.006
0.107
0.017
0.101
0.049

0.114
0.052
0.009
0.054
0.017
0.110
0.011
0.023
0.049

0.037
0.060
0.013
0.037
0.016
0.014
0.029

0.228
0.051
0.223
0.187
0.128
0.253
0.139
0.170
0.037
0.266
0.168

Crab
Density

0.096
0.042
0.020
0.328
0.136
0.017
0.162
0.007
0.338
0.097
0.046
0.024
0.109

0.051
0.062
0.011
0.102
0.000
0.045

0.272
0.008
0.019
0.139
0.110

0.099
0.010
0.031
0.054
0.050
0.354
0.100

0.283
0.178
0.097
0.128
0.207
0.697
0.061
0.198
0.231

0.053
0.261
0.005
0.105
0.056
0.059
0.090

0.228
0.407
0.446
0.068
0.137
0.279
0.456
0.255
0.044
0.557
0.288
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TABLE 3 - CONTINUED

Mussel Maximal
Density Clump Size

EAST BAY
Bull Hill
Frenches Reef
Gale's Reef
Lone Tree Reef
Mattie B. Reef
Middle Reef
Hanna Reef (north)
Pepper Grove Reef
Richard's Reef
Hanna Reef (south)
Stephenson Reef
Whitehead Reef

AVERAGE

HOUSTON SHIP CHANNEL
Buoy 53/55
Buoy 59
Buoy 63
Buoy 73/75
Morgans Point Reef

AVERAGE

CLEAR LAKE TO MORGAN'S POINT
Red Bluff Reef
San Leon Reef
Scott Reef
Yacht Club Reef

AVERAGE

TRINITY BAY
Big Breezy Reef
Dow Reef
Fisher Reef
Tern Reef
Trinity Reef
Vingt-et-un Reef

AVERAGE

WEST BAY
Confederate Reef
Green's Cut Shell
Carancahua Reef (north)
North Deer Island Reef
Carancahua Reef (south)
South Deer Island Reef
Pelican Island Reef
Shell Island Reef

AVERAGE

DICKINSON EMBAYMENT
April Fool's Reef
Dickinson Reef
Dollar Reef
Half Moon Reef
Levee Reef
Todd's Dump

AVERAGE

REDFISH BAR TO SMITH POINT
Bart's Pass Reef
Bull Shoals
East Redfish Reef
South Redfish Reef (east)
Four Bit Reef
Gaspipe Reef
Lost Beezley Reef
North Redfish Reef
Possum Pass Reef
South Redfish Reef (west)

AVERAGE

2.065
0.845
2.860
1.561
0.425
0.277
1.735
0.388

13.475
1.504
0.254
0.871
2.189

0.068
0.051
0.103
1.078
0.070
0.274

8.426
0.424
0.706

53.036
15.648

1.277
0.804
0.693
3.143
1.272
4.734
1.987

0.218
0.115
0.037
0.049
0.017
0.000
0.000
0.051
0.061

0.597
1.340
0.005
0.021
0.604
0.392
0.493

2.937
0.808
2.813
1.633
0.059
4.152
0.837
0.884
6.578
2.354
2.306

121
147
116
89

114
142
109
116
124
94

101
110
115

114
116
164
133
111
128

142
112
116
134
126

112
100
110
155
99

125
117

174_
_

137
123
185
100
-

90

166
130
83

128
111
107
121

149
160
168
162
138
144
148
134
115
138
146

Oyster
Biomass

9.679
0.442
1.043
2.354

11.603
1.516
5.045
4.089
7.414
2.209
0.876
1.302
3.964

8.328
5.043
6.675

15.824
0.822
7.339

14.916
3.095
3.812

32.984
13.702

0.890
0.226
0.121

11.888
0.642
0.043
2.302

22.710
0.049
0.011
6.479
0.338

10.164
0.294
0.062
5.013

4.982
9.759
1.760
2.290
3.592
1.465
3.975

17.484
7.649

45.557
20.719
15.835
39.205
22.341
22.764
1.505

38.137
23.120

Total
Oyster
Density

1.063
0.041
0.183
0.363
2.083
0.226
0.794
0.257
1.754
0.438
0.137
0.257
0.634

1.140
1.163
1.486
4.435
0.157
1.676

2.763
0.412
0.458
7.549
2.796

0.477
0.055
0.053
3.071
0.339
0.025
0.670

3.170
0.168
0.067
1.295
0.467
2.347
0.587
0.181
1.035

0.723
1.482
0.229
0.503
0.504
0.200
0.607

3.165
1.540
6.852
4.082
3.572
8.633
6.033
2.738
0.405
7.949
4.497

Juvenile Sub-market
Oyster sized Oyster Market-sized
Density Density Oyster Density

0.270
0.025
0.061
0.086
0.773
0.085
0.226
0.000
0.534
0.217
0.020
0.105
0.200

0.346
0.728
0.861
2.617
0.061
0.923

0.985
0.133
0.105
3.427
1.163

0.297
0.015
0.030
0.851
0.161
0.025
0.230

1.275
0.168
0.067
0.677
0.467
1.174
0.587
0.181
0.574

0.239
0.490
0.030
0.273
0.156
0.036
0.204

0.810
0.559
2.015
1.086
1.336
2.944
2.901
0.612
0.143
2.504
1.491

0.409
0.017
0.092
0.242
0.826
0.102
0.508
0.090
1.068
0.203
0.107
0.138
0.317

0.608
0.299
0.435
1.287
0.083
0.542

1.484
0.226
0.219
3.747
1.419

0.180
0.040
0.023
1.765
0.178
0.000
0.364

1.111
0.000
0.000
0.412
0.000
0.726
0.000
0.000
0.281

0.279
0.762
0.163
0.199
0.255
0.146
0.301

1.468
0.538
2.980
1.536
1.354
4.920
2.164
1.326
0.212
3.957
2.046

0.383
0.008
0.030
0.035
0.486
0.039
0.060
0.166
0.153
0.018
0.010
0.014
0.117

0.186
0.135
0.191
0.528
0.013
0.210

0.294
0.053
0.134
0.381
0.215

0.000
0.000
0.000
0.455
0.000
0.000
0.076

0.784
0.000
0.000
0.206
0.000
0.450
0.000
0.000
0.180

0.206
0.229
0.036
0.031
0.093
0.018
0.102

0.886
0.442
1.857
1.463
0.892
0.771
0.968
0.799
0.050
1.483
0.961
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TABLE 3 - CONTINUED

Boxes Sex Ratio
EAST BAY

Bull Hill
Frenches Reef
Gale's Reef
Lone Tree Reef
Mattie B. Reef
Middle Reef
Hanna Reef (north)
Pepper Grove Reef
Richard's Reef
Hanna Reef (south)
Stephenson Reef
Whitehead Reef

AVERAGE

HOUSTON SHIP CHANNEL
Buoy 53/55
Buoy 59
Buoy 63
Buoy 73/75
Morgans Point Reef

AVERAGE

CLEAR LAKE TO MORGAN'S POINT
Red Bluff Reef
San Leon Reef
Scott Reef
Yacht Club Reef

AVERAGE

TRINITY BAY
Big Breezy Reef
Dow Reef
Fisher Reef
Tern Reef
Trinity Reef
Vingt-et-un Reef

AVERAGE

WEST BAY
Confederate Reef
Green's Cut Shell
Carancahua Reef (north)
North Deer Island Reef
Carancahua Reef (south)
South Deer Island Reef
Pelican Island Reef
SheU Island Reef

AVERAGE

DICKINSON EMBAYMENT
April Fool's Reef
Dickinson Reef
Dollar Reef
Half Moon Reef
Levee Reef
Todd's Dump

AVERAGE

REDFISH BAR TO SMITH POINT
Bart's Pass Reef
Bull Shoals
East Redfish Reef
South Redfish Reef (east)
Four Bit Reef
Gaspipe Reef
Lost Beezley Reef
North Redfish Reef
Possum Pass Reef
South Redfish Reef (west)

AVERAGE

0.026
0.000
0.015
0.000
0.064
0.006
0.014
0.035
0.109
0.037
0.000
0.024
0.027

0.101
0.068
0.065
0.417
0.030
0.136

0.057
0.000
0.000
0.056
0.028

0.063
0.010
0.015
0.732
0.017
2.785
0.604

0.065
0.126
0.043
0.088
0.058
0.076
0.114
0.056
0.078

0.027
0.033
0.005
0.063
0.000
0.032
0.027

0.481
0.197
0.279
0.578
0.275
0.759
0.038
0.272
0.324
0.025
0.323

1.5
2.0
1.0
1.0
2.3
1.0
1.0
1.0
1.5
4.0
2.3
1.5
1.7

2.3
2.3
1.5
1.5
0.4
1.6

4.0
4.0
1.0
1.5
2.6

0.4
0.2
-

1.5
0.0
-

0.5

4.0
_
-

1.5_

2.3_
_

2.6

4.0
0.4
4.0
0.8
4.0
4.0
2.9

4.0
4.0
1.5
1.5
2.3
1.0
9.0
1.0
0.0
1.5
2.6

Coverage of
Barnacles

46
33
38
58
20
42
21
28
40
68
32
64
41

16
14
10
18
34
18

44
10
12
40
27

8
28
8

14
20
18
16

6
0
0
0
6
2
0
4
2

12
14
24
60
14
24
25

48
22
26
28

6
26
18
38
44
20
28

Coverage of
Bryozoans

6
3
8
0
2
8
4

18
0
2
0
0
4

10
8

14
6
2
8

8
8
2
0
5

0
6
0
0
0
0
1

4
0

22
0

24
6

65
32
19

12
12
32
20
12
10
16

6
4
6
2

26
0

12
12
2
5
8

Coverage of
Alga

0
13
0
0
4
2
2
8
0

10
0
0
3

0
0
0
0
0
0

12
0

28
16
14

0
14
0
0
0
0
2

0
0

22
0

22
0
0

24
9

0
0
0
0
0
6
1

0
2
0
2
0
0
0
0
0
0
0

Biomass of
Polychaetes

34.2
36.9

3.9
32.5

9.8
7.6
5.2

26.9
5.3
0.0
3.5

16.8
15.2

0.8
9.5

11.3
25.4

5.2
10.4

21.1
40.3

101.6
14.8
44.4

0.0
2.7
0.0
6.9
0.0
0.0
1.6

14.1
124.0

1204.5
1.4

249.3
6.9

47.3
822.8
308.8

4.5
2.4
7.6
1.5

14.5
3.3
5.6

2.0
5.7

13.0
3.9

18.6
21.0
11.8
14.2
3.5

10.4
10.4
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TABLE 4 — P-vallies. P-values for partial regressions derived from the best 4-variable
model obtained from regression analyses using all the variables listed in Table 1.

102

r- Box Shell Condition Crab Mussel
Dependent Variable square Density Salinity Volume Index Density Density

Box Density 0.54 0.0001 0.0772 0.0057 0.0581
Salinity 0.68 0.0011
Shell Volume 0.90 0.0024 0.2142
Condition Index 0.51 0.0013 0.0842
Crab Density 0.55 0.0205 0.0192
Mussel Density 0.48
Gonadal-Somatic Index 0.46 0.0001
Minimal Clump Size 0.34 0.0771
Maximal Clump Size 0.66 0.0116
Mean Infection Intensity 0.63 0.0005
Prevalence 0.51 0.0545
Oyster Biomass 0.97 0.0149
Juvenile Oyster Density 0.86 0.1890
Submarket Oyster Density 0.93 0.1875
Market Oyster Density 0.89 0.0192 0.0009
Polychaete Biomass 0.59 0.0075
Coverage of Bryozoans 0.36 0.0001 0.0685
Coverage of Alga 0.64 0.0001
Coverage of Barnacles 0.25 0.2431



TABLE 4 - CONTINUED

Gonadal- Mean Juvenile
Somatic Maximal Infection Oyster Oyster

Dependent Variable Index Clump Size Intensity Prevalence Biomass Density

0.0001
0.0001

0.0005

0.0087

Box Density
Salinity 0.0008 0.0001
Shell Volume 0.0001 0.0211
Condition Index 0.0200 0.0007
Crab Density 0.0070
Mussel Density
Gonadal-Somatic Index 0.0036
Minimal Clump Size 0.1482
Maximal Clump Size 0.0002
Mean Infection Intensity 0.0308 0.0006
Prevalence 0.0001
Oyster Biomass 0.0726
Juvenile Oyster Density 0.0167 0.0098
Submarket Oyster Density
Market Oyster Density 0.0223
Polychaete Biomass
Coverage of Bryozoans 0.0069
Coverage of Alga 0.1084
Coverage of Barnacles 0.0560 0.0719 0.0737

0.0001 0.0090
0.0001

0.1083

0.0351
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TABLE 4 - CONTINUED

Submarket Market Coverage Coverage Coverage
Oyster Oyster Polychaete of of of

Dependent Variable Density Density Biomass Bryozoans Alga Barnacles

Box Density
Salinity
SheU Volume
Condition Index
Crab Density
Mussel Density
Gonadal-Somatic Index
Minimal Clump Size
Maximal Clump Size
Mean Infection Intensity
Prevalence
Oyster Biomass
Juvenile Oyster Density
Submarket Oyster Density
Market Oyster Density
Polychaete Biomass
Coverage of Bryozoans
Coverage of Alga
Coverage of Barnacles

0.0033

0.0102

0.0001

0.0002

0.1875
0.0567

0.0556

0.0668

0.1548
0.0001 0.0001
0.0001

0.0004
0.0021

0.1043

0.2119

0.1977

0.0001

0.0001
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TABLE 5 - Comparison between sites sampled by Soniat et al. (1989) and
this study. Density (ind m~^; Soniat et al. (1989) densities obtained by diver-sampled quadrants;
our values converted to be equivalent assuming 12% dredging efficiency), percentage of boxes
[number boxes/(number individuals + boxes)], condition index (g dry wt ml'l), weighted incidence
[Mackin's number using a O-to-6-point scale for Soniat et al. (1989) and a O-to-5-point scale for the
present study].

Site

April Fools Reef
Big Beezley Reef

Confederate Reef
Dow Reef
Fisher Reef

Frenchy's Reef

Hanna Reef (north)

Red Bluff Reef

San Leon Reef
Todd's Dump Reef

Vingt-et-un Reef
Yacht Club Reef

Oyster
Density
(1985)

25.87
34.93

52.00
25.20
2.27

11.07

3.87
44.40

13.37
4.67

23.33
45.47

Oyster
Density
(1992)

6.02
3.97

26.42
0.46
0.44

0.42

6.62

23.03

3.43
1.67

0.21
62.96

Percentage
of

Boxes
(1985)

8.9
0.0

10.5
0.5
5.9

1.2

0.0

4.0

4.8

2.8

0.5
2.9

Percentage
of

Boxes
(1992)

3.5

11.7

2.0
15.4
22.2

0.0

1.7

2.0

0.0

13.7

99.1
0.7

Condition
Index
(1985)

6.3
6.8

11.5
6.6
-

6.0

7.3
5.8

6.0

6.2

7.5
6.5

Condition
Index
(1992)

9.0
10.9

14.4
9.8
-

15.4

13.1

11.8

19.0
15.3

-
12.7

Weighted
Incidence

(1985)

3.00
0.00

3.40
0.00
0.08

0.17

0.83
1.75

2.08
2.80

0.08
2.17

Weighted
Incidence

(1992)

0.44
0.01

0.94
0.07
0.00

0.06

0.02

0.11

0.06

0.02

-
0.05
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TABLE 6 — Comparison of gonadal-somatic index. Comparison of gonadal-somatic
index between oysters collected from Confederate Reef in April, 1989 (Choi et al., 1993) and the Deer
Islands area in April, 1992.

Mean Size GSI
Dry wt (mg) ± Mean GSI

SD GSI±SD Median Highest Lowest N

Choi et al. 1993 1051.6 ±
689.5

0.157 ±
0.188

0 0.422 0

Current Study 3066.25 ± 0.06997 ± 0.052 0.144 0.013 8
744.5 0.052

TABLE 7 — Comparison of P. marinus prevalence. Comparison of P. marinus
prevalence between this study and the first four years of NOAA's Status and Trends Program
(Powell et al., 1992a) for four sites in Galveston Bay. The Status and Trends data were obtained
during the months of December and January.

Confederate Reef

Hanna Reef

Todd's Dump Reef

Yacht Club Reef

1986

98

98

100

100

1987

95

82

93

86

1988

100

100

82

92

1989

97

63

85

93

This
Study

89

82.5

26

75

Average 99 89 94 85 68
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TABLE 8 - Distribution of P. marinUS. Distribution of P. marinus prevalence and
infection intensity among three size classes of oysters at the 51 sites.

Prevalence
Site

April Fools Reef
Buoy 53/55
Buoy 73/75
Bart's Pass Reef
Big Beezley Reef
Bull Hill
Bull Shoals
Buoy 59
Buoy 63
Confederate Reef
Dickinson Reef
Dollar Reef
Dow Reef
East Redfish Reef
South Redfish Reef (east)
Fisher Reef
Four Bit Reef
Frenchy's Reef
Gale's Reef
Gaspipe Reef
Half Moon Reef
Lost Beezley Reef
Levee Reef
Lone Tree Reef
Mattie B. Reef
Middle Reef
Morgans Point Reef
Green's Cut Reef
Carancahua Reef (north)
North Deer Island Reef
Hanna Reef
North Redfish Reef
Pelican Island Reef
Pepper Grove Reef
Possum Pass Reef
Red Bluff Reef
Richard's Reef
San Leon Reef
Carancahua Reef (south)
Scott Reef
South Deer Island Reef
Hanna Reef (south)
Shell Island Reef
Stephenson Reef
Tern Reef
Todd's Dump
Trinity Reef
Vingt-et-un Reef
Whitehead Reef
South Redfish Reef (west)
Yacht Club Reef

Juvenile Submarket

25
10

33.3
0
0

22.2
0
0
10
75
0
0

33.3
10

12.5
0
0
0
0
0
0
0

14.3
0
0

8.3
0
0
0

55.6
0
0
0
-
0
0
0

14.3
0

0
70
10
0
0
0
20
0
-
0
10
20

61.5
6.7
75
0

5.9
0
0
0

9.1
85.7

15
4.76
14.3

0
0
0
0
0
0

5.6
0

15.4
0

8.3
0
0
50
-
-

81.3
4.8
0
-
0

4.5
13.63

3
10
-

11.1
70

15.4
-
0
0
0
0
-

9.5
0

9.5

Market

73.7
0

84.2
0
-

21.1
5.6
5.3
15.8
100
7.1
0
-
0

5.3
-
0
-
0
0
0

10.5
0
0
0

16.7
0
-
-

100
11.1
22.2
-

21.1
12.5
45.5

0
15.4
-
0

100
0
-
0
0

25
-
-
0

29.4
22.2

Mean Infection
Juvenile Submarket

0.083
0.067
0.37

0
0

0.073
0
0

0.033
0.499

0
0

0.11
0.033
0.041

0
0
0
0
0
0
0

0.047
0
0

0.028
0
0
0

0.741
0
0
0
-
0
0
0

0.047
0
0

1.067
0.167

0
0
0

0.066
0
-
0

0.033
0.066

0.385
0.022
0.667

0
0.019

0
0
0

0.03
0.929

0.1
0.016
0.047

0
0
0
0
0
0

0.018
0

0.051
0

0.028
0
0

0.229
-
-

0.896
0.016

0
-
0

0.015
0.045
0.013
0.033
-

0.056
1.134
0.115
-
0
0
0
0
-

0.031
0

0.031

Median Infection
Market Juvenile Submarket

0.632
0

0.719
0
-

0.069
0.018
0.017
0.175
1.191
0.024

0
-
0

0.017
-
0
-
0
0
0

0.035
0
0
0

0.222
0
-
-

0.951
0.037
0.111
-

0.105
0.041
0.303

0
0.102
-
0

1.26
0
-
0
0

0.083
-
-
0

0.196
0.073

0
0
0
0
0
0
0
0
0

0.33
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0.67
0
0
0
-
0
0
0
0

0

0
1.33
0
0
0
0
0
0
-
0
0
0

0.33
0

0.67
0
0
0
0
0
0

1.00
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0.17
-
-

0.67
0
0
-
0
0
0
0
0
-
0

1.67
0
-
0
0
0
0
-
0
0
0

Market

0.67
0

0.67
0
-
0
0
0
0

1.33
0
0
-
0
0
-
0
-
0
0
0
0
0
0
0
0

-
-

0.84
0
0
-
0
0
0
0
0
-
0

1.33
0
-
0
0
0
-
-
0
0
0
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TABLE 9 - Site comparisons based on the sum of the weights for five
factors affecting condition. In each case the weight for each factor for each reef was a
value from 1 (best) to 51 (worst) according to the site's position in the rankings for that parameter.
The final sum was the sum of the five independently obtained weights.

Site

Yacht Club Reef
Four Bit Reef
South Redfish Reef (east)
East Redfish Reef
South Redfish Reef (west)
Hanna Reef (north)
Lost Beezley Reef
Buoy 59
Gaspipe Reef
Confederate Reef
Mattie B. Reef
Todd's Dump
North Redfish Reef
Dickinson Reef
Buoy 53/55
Buoy 63
Bull Hill
Buoy 73/75
Richard's Reef
Dollar Reef
Gale's Reef
San Leon Reef
Levee Reef
Bull Shoals
Hanna Reef (south)
Red Bluff Reef
North Deer Island Reef
Half Moon Reef
Scott Reef
Tern Reef
Whitehead Reef
South Deer Island Reef
Bart's Pass Reef
Frenchy's Reef
Stephenson Reef
Lone Tree Reef
Pepper Grove Reef
Possum Pass Reef
Middle Reef
April Fools Reef
Big Beezley Reef
Morgans Point Reef
Fisher Reef
Dow Reef
Pelican Island Reef
Carancahua Reef (south)
Trinity Reef
Shell Island Reef
Green's Cut Shell
Carancahua Reef (north)
Vingt-et-un Reef

Total

185
183
182

174.5
171
169
165
164

158.5
158
157
147

145.5
145
145
142
142
139
137
137
136

135.5
135
133
131
130
130
128

125.5
124.5
121
120

118.5
114.5
108
107
101
99.5
95
93
91
82

51.5
39.5
38.5
35.5
32.5
18.5
16.5
11.5
8.5

Condition
Index

27
6
3
12
10
32
19
29
15
39
11
40
17
38
31
20
33
5
8
43
35
42
44
2
37
21
36
26
34
13
30
9
14
41
22
25
24
16
28
4
18
23
0
7
0
0
1
0
0
0
0

Infection
Intensity

16
40
44
31
25
33
13
36
21
2
22
41
26
20
23
15
19
4
37
18
39
35
11
29
6
9
3
7
34
10
42
1
8
30
32
28
24
43
14
5
12
27
38
17
0
0
0
0
0
0
0

Gonadal-
Somatic

45
51
46

32.5
37
47
41
40

21.5
28
49
39

16.5
18
27
42
26
43
24
44
38

16.5
31
34
48
20
29
50

11.5
21.5

19
35

11.5
32.5
36
15
13
5.5
23
30
25
14
5.5
5.5
5.5
5.5
5.5
5.5
5.5
5.5
5.5

Oyster
Biomass

48
42
44
51
49
29
45
28
50
46
38
16
47
36
34
31
35
41
32
19
14
23
24
33
20
40
30
21
25
39
15
37
43
9
12
22
26
17
18
27
13
11
5
6
7
8
10
4
3
1
2

Oyster
Abundance

49
44
45
48
50
28
47
31
51
43
37
11
39
33
30
34
29
46
36
13
10
19
25
35
20
40
32
24
21
41
15
38
42
2
6
17
14
18
12
27
23
7
3
4
26
22
16
9
8
5
1
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>0 ! 0

Figure 1. Estimated distribution of shell (1 m'2) obtained using the 51 known
sites to predict the values at all unsampled locations and a close-up of
the estimated distribution of shell along the Houston Ship Channel.
The grid is the grid of elements used for the Berger et al. (1992) finite
element hydrodynamic model of Galveston Bay.

Ill



Figure 1 — Continued
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Figure 3.
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50-88

45-60

40-4S

Estimated distribution of maximum clump size (cm) obtained using the
51 known sites to predict the values at all unsampled locations and a
close-up of the estimated distribution of maximum clump size along the
Houston Ship Channel. The grid is the grid of elements used for the
Berger et al. (1992) finite element hydrodynamic model of Galveston
Bay.
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Figure 3 - Continued
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Figure 4. Estimated distribution of oysters (ind nv2) obtained using the 51
known sites to predict the values at all unsampled locations. The grid
is the grid of elements used for the Berger et al. (1992) finite element
hydrodynamic model of Galveston Bay.
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Figure 5. Estimated distribution of market-size oysters (ind m~2) obtained using
the 51 known sites to predict the values at all unsampled locations and
a close-up of the estimated distribution of adult oysters (ind nr2) along
the Houston Ship Channel. The grid is the grid of elements used for
the Berger et al. (1992) finite element hydrodynamic model of
Galveston Bay.
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Figure 5 — Continued
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>4C 0

38 0-4C .0

Figure 7. Estimated distribution of biomass (g dry wt m~2 ) obtained using the 51
known sites to predict the values at all unsampled locations and a
close-up of the estimated distribution of biomass along the Houston
Ship Channel. The grid is the grid of elements used for the Berger et
al. (1992) finite element hydrodynamic model of Galveston Bay.
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Figure 7 — Continued
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Correlations between oyster weight and shell length

Figure 8. Length-biomass relationships for the 51 sampled sites. Best fit curves
assume a semilog relationship between length and weight (Powell and
Stanton, 1985).
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Figure 8 — Continued

128



120-

20
10 20

Wet Weight (g)

30

1 Buoy 63
2 Lost Beezley Reef
3 East Redfish Reef
4 North Redfish Reef
5 Richard's Reef
6 Buoy 53/55
7 Middle Reef
8 Lone Tree Reef
9 Possum Pass Reef

1 y = 31.923 + 51.579*log(x) RA2 =

2 y = 43.492 + 42.115*log(x) RA2 =

3 y = 31.387 + 48.876*log(x) RA2 =
4 y = 28.355 + 49.244*log(x) RA2 =
5 y = 36.479 + 42.607*log(x) RA2 =
6 y = 29.995 + 43.836*log(x) RA2 =

7 y = 33.807 + 39.683*log(x) RA2 =
8 y = 33.230 + 38.579*log(x) RA2 =

9 y = 44.941 + 30.511 *log(x) RA2 =

0.790

0.809

0.797
0.767
0.789
0.731

0.851
0.839

0.803

Figure 8 - Continued
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Figure 9. Estimated distribution of condition index in market-size adults (g dry
wt ml'1 * 100) obtained using the 51 known sites to predict the values
at all unsampled locations. The grid is the grid of elements used for
the Berger et al. (1992) finite element hydrodynamic model of
Galveston Bay.
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Figure 10. Estimated distribution of gonadal-somatic index in adult oysters (g dry
wt egg g dry wt somatic tissue'!) obtained using the 51 known sites to
predict the values at all unsampled locations. The grid is the grid of
elements used for the Berger et al. (1992) finite element hydrodynamic
model of Galveston Bay.
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00-0 GO

Figure 11. Estimated distribution prevalence of P. marinus obtained using the 51
known sites to predict the values at all unsampled locations and a
close-up of the estimated distribution of P. marinus prevalence along
the Houston Ship Channel. The grid is the grid of elements used for
the Berger et al. (1992) finite element hydrodynamic model of
Galveston Bay.
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Figure 11 — Continued
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Prevalence

Figure 12. Comparison of P. marinus prevalence using the semiquantitative
method of Ray (1966) and the quantitative method of Wilson et al. (in
press).
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Figure 13. Estimated distribution infection intensity of P. marinus (Mackin's
units) obtained using the 51 known sites to predict the values at all
unsampled locations and a close-up of the estimated distribution of P.
marinus infection intensity along the Houston Ship Channel. The grid
is the grid of elements used for the Berger et al. (1992) finite element
hydrodynamic model of Galveston Bay.
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Figure 13 — Continued
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Figure 14. Example plots of P. marinus infection intensity versus anterior-
posterior length or biomass (g wet meat wt) chosen as typical for broad
areas of Galveston Bay.
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Figure 15. Estimated distribution of crabs (ind m'2) obtained using the 51 known
sites to predict the values at all unsampled locations and a close-up of
the estimated distribution of crabs along the Houston Ship Channel.
The grid is the grid of elements used for the Berger et al. (1992) finite
element hydrodynamic model of Galveston Bay.
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Figure 15 — Continued
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Figure 17. Estimated distribution of mussels (ind nr2) obtained using the 51
known sites to predict the values at all unsampled locations and a
close-up of the estimated distribution of mussels along the Houston
Ship Channel. The grid is the grid of elements used for the Berger et
al. (1992) finite element hydrodynamic model of Galveston Bay.
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Figure 17 - Continued
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Figure 19. Cluster diagram for the variables normalized and standardized as
described in the Methods section.
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Figure 20. Correlograms of Moran's I versus distance along the Gabriel network
(Figure 2).
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Figure 20 - Continued
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Figure 20 - Continued
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Figure 21. Correlogram of Moran's I versus compass direction computed with
respect to the Gabriel network (Figure 2). Divisions of X-axis in
radians correspond to a clockwise sweep from NNE/SSW (22.5°)
through E/W (90°) to S/N (180°).
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Figure 21 — Continued
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Figure 21 — Continued
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Figure 22. Oyster abundance (ind m'2) in December of year two for simulated
oyster populations exposed to monthly mean freshwater inflows and
temperatures for an average year, the resulting current flow and
salinity structure predicted by the Berger et al. (1992) finite element
hydrodynamic model of Galveston Bay, and the predator and
competitor abundances measured in this study.
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Figure 23. Adult oyster abundance (ind nr2) in December of year two for
simulated oyster populations exposed to monthly mean freshwater
inflows and temperatures for an average year, the resulting current
flow and salinity structure predicted by the Berger et al. (1992) finite
element hydrodynamic model of Galveston Bay, and the predator and
competitor abundances measured in this study.
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Figure 24. Oyster biomass (Ib ft'2) in December of year two for simulated oyster
populations exposed to monthly mean freshwater inflows and
temperatures for an average year, the resulting current flow and
salinity structure predicted by the Berger et al. (1992) finite element
hydrodynamic model of Galveston Bay, and the predator and
competitor abundances measured in this study.
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Figure 25. The number of eggs produced (eggs nr2) during year two for simulated
oyster populations exposed to monthly mean freshwater inflows and
temperatures for an average year, the resulting current flow and
salinity structure predicted by the Berger et al. (1992) finite element
hydrodynamic model of Galveston Bay, and the predator and
competitor abundances measured in this study.
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Figure 26. Perkinsus marinus prevalence in August of year two for simulated
oyster populations (A) and the market-size component (B) exposed to
monthly mean freshwater inflows and temperatures for an average
year, the resulting current flow and salinity structure predicted by the
Berger et al. (1992) finite element hydrodynamic model of Galveston
Bay, and the predator and competitor abundances measured in this
study.
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Figure 26 - Continued
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Figure 27. Perkinsus marinus infection intensity (Mackin's units) in August of
year two for simulated oyster populations (A) and the market-size
component (B) exposed to monthly mean freshwater inflows and
temperatures for an average year, the resulting current flow and
salinity structure predicted by the Berger et al. (1992) finite element
hydrodynamic model of Galveston Bay, and the predator and
competitor abundance measured in this study.
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Figure 27 — Continued
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Galveston Bay Health Assessment: Gabriel



Map Set 2- Greater West Bay: Transects. The transects lines run during the oyster reef survey in West Bay.
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Map Set 1- Greater Galveston Bay: Transects. The transects lines run during the oyster reef survey in Galveston Bay proper.
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Map Set 1- Greater Galveston Bay: Transects. The transects lines run during the oyster reef survey in Galveston Bay proper.



Map Set 2- Greater West Bay: Reefs. The oyster reefs of West Bay. Solid, oyster reef; hatched, unconsolidated shelly sediment.



Significant Topographic Features & Area of Reef Gain or Loss. Depiction of the Galveston Bay system showing important geologic features and physical characteristics and the areas of significant reef accretion; and loss.
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