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Preface

The Galveston Bay National Estuary Program

By all measures, Galveston Bay ranks high among the estuaries recognized by
Congress as Nationally Significant. The Bay's seafood productivity; its role as a
major recreational resource; its multi-billion dollar influence on the economy (as
third largest port in the nation, sixth largest in the world); its role as a repository
for half the permitted waste water discharges in Texas; its declining wetlands;
the contamination of its sediments, water, and marine life: all these have
prompted a concern that the human pressures on the estuary are overpowering
its natural resiliency.

The Galveston Bay National Estuary Program (GBNEP) was created in response
to this concern for Galveston Bay. The emphasis of the GBNEP is to solve the
Bay's problems by improving our governance of the Bay. In the past, the Bay has
not been managed as a single ecosystem, resulting in diverse activities and little
coordination among the numerous agencies involved. Without a coordinated
effort among user groups, regulators, and the public, the value of Galveston Bay
as a Texas and American resource is at risk.

The GBNEP was conceived as a cooperative effort by the State of Texas and the
U.S. Environmental Protection Agency. In organization, the GBNEP consists of a
Management Conference of about one hundred individuals representing all
segments of the Galveston Bay Community. The Management Conference is
organized in six committees, under the authority of a Policy Committee, and is
coordinated by a Director and Program Office staff under the auspices of the
Texas Water Commission.

As a National Estuary Program, the GBNEP is authorized by the Water Quality
Act of 1987 to draft a Comprehensive Conservation and Management Plan
(CCMP) to address the recognized threats from pollution, development, and
overuse of Galveston Bay. The drafting of a CCMP is a staged process preceded by
identification and ranking of estuarine problems and information-gathering and
scientific work to better define these problems. These proceedings are part of the
scientific efforts to establish an objective information basis for effective estuary
management.
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Introduction

The fifty-six short papers composing this proceedings represent the concerted
work of numerous scientists with a knowledge of, and concern for, Galveston Bay.
These papers are the result of an invitation to the scientific community for
contributions centered on estuarine problems already identified and agreed upon
by consensus as a Galveston Bay Priority Problems List (see page 4). Reports on
work in progress were encouraged, as well as completed projects.

These contributions have helped successfully accomplish four broad goals: first,
to identify scientific work on Galveston Bay being conducted by institutions other
than the GBNEP; second, to promote peer interaction among the principle
investigators involved in this research; third, to improve our understanding of
estuarine problems in need of management solutions; and finally, to encourage
project coordination in an ecosystem context.

For the GBNEP, this workshop and proceedings constitute a step midway in the
process toward drafting of the CCMP. Previous Scientific efforts have identified a
critical need for comprehensive studies of Galveston Bay (Galveston Bay: Issues,
Resources, Status, and Management, U. S. Department of Commerce, 1989).
Future work will result in publication of a Galveston Bay Environmental
Characterization Report in 1993 that will help establish a comprehensive factual
basis for the CCMP.

In compiling these contributions and listening to the related workshop
discussions, we have recognized several themes that will affect our future work.
One is a realization of the abundance of good information on Galveston Bay (more
than anyone thought existed). Another is the fragmented nature of this
information and the lack of connectedness of the ongoing work, particularly for
resource agencies charged with managing the estuary. Finally, a significant loss
of historical data suggests a need for an ongoing, organized system to maintain
Galveston Bay data and information.

As scientific efforts are consolidated during the remainder of the Bay
characterization process, our greatest challenge will therefore be to insure the
permanence of research findings, and make them systematically useful to
resource managers. Thankfully, this challenge has attracted most of the best
Texas coastal researchers, who have shown a continuing commitment to
conservation based on the best science available.

On behalf of Galveston Bay National Estuary Program we extent our gratitude to
each author involved in improving our understanding of this significant Texas
resource. We particularly extend our thanks to the individuals who "volunteered"
their services as Session Chairs in response to our hopeful suggestions; and to
Carol Ward who tirelessly presided over the multitude of arrangements for this
Workshop.

-Eds.
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Characterizing Galveston Bay:
Connecting Science and Management at the Ecosystem Level

Frank S. Shipley
Galveston Bay National Estuary Program

"Far better an approximate answer to the right question, which is
often vague, than an exact answer to the wrong question, which can
always be made precise."

--J. W. Tukey, 1962

As an Estuary of National Significance within the National Estuary Program
(NEP), Galveston Bay is faced with diverse problems related to pollution,
development, and overuse. These problems were broadly identified early in the
five-year program, and are being characterized more completely by information
gathering and scientific work. In translating scientific findings to management
actions (by drafting a Comprehensive Conservation and Management Plan,
CCMP), the Galveston Bay NEP has faced challenges common to estuary
management in general. Galveston Bay therefore serves as a case history useful
in considering the roles of managers and scientists in improving stewardship of
the nation's estuaries.

Early in the five-year program, discussions by resource managers, scientists, and
the bay user community resulted in consensus agreement on the Galveston Bay
Priority Problems List (Table 1). This list, an approach suggested in EPA
guidance to estuary programs (EPA, 1989), was used effectively for designing
characterization work and for ranking and funding project proposals. However,
the list was of little or no use in crafting future management strategies. One
shortcoming was the lack of viability of one-dimensional (linear) logic inherent in
the list, for dealing with multi-dimensional processes in a perturbed ecosystem
context.

An impact matrix (Figure 1) utilizes two dimensions to increase the
representation of dynamic processes in the estuary (National Research Council,
1990). Since one axis of the matrix represents perturbations, relational effects
present in nature are incorporated. Within the matrix, individual cells nearly
always suggest basic research or management possibilities, but rarely point to
simple management solutions. Perhaps the greatest value of the matrix is in
defining the universe of management alternatives, and identifying the gaps of
knowledge within that universe (represented by "?" entries). A shortcoming of the
matrix approach is the difficulty of describing the difference between direct and
indirect relationships. One outgrowth of the matrix approach consists of
conceptual (and perhaps eventually) numerical models coupling physical factors
with chemical and biological processes. These may better account for natural
complexity, but in doing so, may sacrifice management utility.

Initiating projects in this context to build a knowledge base for managers presents
challenges. Our attempts are limited by the newness of ecosystem-level estuarine
science as a discipline, in comparison to terrestrial and freshwater disciplines

- 3 -



Table 1. Galveston Bay Priority Problems List

Within the List, the four major problems (identified by letters A-D) are ranked in order of
importance and are considered to be clearly independent. The second order problems within each
major problem (identified by number) area are interdependent and may contribute or interact
with problems of equal or higher category.

A. REDUCTION/ALTERATION OF LIVING
RESOURCES
1. Loss of Physical Habit

* wetlands and sea grasses
* oyster reefs
* shallow bay bottom (unvegetated)

2. Alteration of Salinity Gradients
* impoundment, diversion, and interbasin

transfer of fresh water inflow
* bathymetric and circulatory changes

(salinity intrusion)
* ungaged inflows from rainfall in

coastal watersheds
3. Alteration of Nutrient and Organic Loading

* eutrophication and hypoxia
* point and nonpoint sources

4. Bathymetric and Circulatory Changes
5. Land Subsidence and Sea Level Rise
6. Chemical and Pathogenic Contamination

(biotic imparement)
* point and nonpoint sources

7. Increased Turbidity and Sedimentation

B. PUBLIC HEALTH ISSUES
1. Discharge of Pathogens to Bay Waters

* point and non-point sources
2. Chemical Contamination of Water,

Sediments, and Living Organisms
* point and nonpoint sources

3. Restriction of Contact Recreation
* chemical and pathogenic

contamination

C. RESOURCE MANAGEMENT ISSUES
1. Regulatory Problems
2. Fisheries Resource Depletion
3. Marine Debris

D. SHORELINE EROSION
1. Land Subsidence and Seal Level Rise
2. Bathymetric and Circulatory Change
3. Loss of Buffer Vegetation (Wetlands)
4. Use of Littoral Property

(shoreward) and to oceanographic science (seaward). Working in estuaries
requires more than a single traditional discipline because estuaries are
transitional, and lack the homogeneity of freshwater, terrestrial, and oceanic
systems. Estuaries integrate decades or centuries of indirect upstream
influences, and have become foci for human development and related direct
impacts; yet organized scientific and management concern is only of recent
vintage. Scientists have only recently recognized the need for multi-disciplinary,
long-term efforts incorporating terrestrial ecology, soil science, hydrology,
wetlands and river ecology, unrestricted by traditional artificial barriers (Joint
Oceanographic Institutions, Inc., 1990). Only in this context can projects be
conceived to reconcile our epistemology to the multi-dimensional, perturbed, but
unified estuarine environment (see Table 2 for Galveston Bay NEP projects).

Estuarine science, then, is seen as fragmented. But traditional management
may be in even worse shape. For example, oyster (Crassostrea virginica)
populations in Galveston Bay are influenced by water quality, hydrodynamic
alterations, predation, disease, and harvest. Yet these elements are under
separate agency jurisdictions with little institutionalized coordination.
Management of natural resources in Texas has traditionally been accomplished

-4-



Sources of
Perturbation

Northers

Hurricanes

Inflow Modification

Subsidence/Sea Level

Shoreline Development

Dredging

Shipping

Point Sources

Non-Point Sources

Commercial Fishing

Recreational Fishing

Boating/Marinas

Petroleum Activity

Oil/Chemical Spills

Marine Debris

Valued Ecosystem Components

Water Circula- Sedi- Phyto- Zoo- Other Marine Sea Human Submerged Aesthetic

Quality tion ment plankton plankton Oysters Shellfish Benthos Finfish Birds Mammals Turtles Health Wetlands Plants Shoreline Appeal

Figure 1. Galveston Bay ecosystem impact matrix. The matrix relates valued components of the
ecosystem to natural and anthropogenic sources of perturbation. The matrix is based on a
subjective determination, and therefore may be subject varying interpretations. Further, it was
conceived from an environmental management perspective, and therefore is not necessarily
exhaustive (e.g., the effect of hurricanes on human health may be great, although not as an
element of environmental management).



by up to a dozen separate state agencies, as framed by the Texas Constitution. The
multiple jurisdictions follow boundaries which, for Galveston Bay and most other
estuaries, are not ecological boundaries. Effective management would therefore
require, as a minimum, a new infrastructure that fundamentally corresponds to
the problems (King and Kendall, 1987).

Clearly, both science and management must each become better integrated
internally to address the estuarine ecosystem. But furthermore, they must then
be linked to each other—perhaps a more challenging goal. The NEP is conceived
to be a force to connect science and management at this broad systems level. But
this goal is much easier to state than to accomplish. How, indeed, can science
and management be connected to solve problems?

Frustrated managers may believe scientists know lots of things that don't help
solve problems, while scientists may believe managers do lots of things that don't
help solve problems. The two groups operate on different scales of resolution, on
different time schedules; they ask different questions because they have differing
ultimate goals. Managers may be forced into, and therefore become used to,
operating in a knowledge vacuum. Estuary science simply lacks funding
continuity, an interdisciplinary systems approach, and seemingly any ability to
cast results in a synoptic form that is useful. Conversely, scientists may view
managers as unresponsive, unrigorous, and hurried.

As an alternative, we can seek a continuum between science and management,
that benefits both (Figure 2). The knowledge spectrum can be envisioned as
extending from testing of risky hypotheses with low a priori plausibility (basic
research, on the left), through assembling of useful "facts" describing ecosystems
(applied/descriptive science, in the middle), to application of understanding to
solve problems (management, on the right). In this idealized paradigm, there is
organic continuity between scientists and managers. There is also a
fundamental tension that pushes science to the left (in search of the unknown)
and managers to the right (away from the unknown). In this respect
coordination of science and management requires conscious effort to balance
speculation with pragmatism.

The Science/Management Knowledge Spectrum

Science Management
Low Plausibility Moderate Plausibility High Plausibility Problem-Solving
Hypothesis Testing (deductive) Descriptive Science (inductive) Applied Science

knowledge
Unknown »»»»»»»»»»»»»»»»»»»»»»»»»» Known

Figure 2. Idealized science/management knowledge spectrum. Estuarine activities take place
along a knowledge plausibility gradient. Data may enter the system at any point (as tests of
hypothesis predictions on the left; as monitoring on the right). The integrity of information
transfer from left to right determines the effectiveness of problem-solving. A conceptually related
diagram is given by O'Connor and Flemmer (1987).
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Table 2. Galveston Bay National Estuary Program Scientifk/Technical Projects.

Project Purpose Pitfalls

Priority Problems List

Ecosystem Impact Matrix

Conceptual Model

Numerical Model

Characterization Projects:

Status and Trends for
Point Source Loadings

Shoreline Survey for
Unauthorized Point
Sources

Status and Trends for
Non-Point Source
Loadings

Status and Trends for
Ambient Water and
Sediment Quality

Status and Trends for
Living Resources

Status of Trawling
Bycatch in Galveston
Bay

Status of Human-Induced
Incidental Fish Mortality

Integrate scientific/management
perceptions with societal estuary
values

Define estuary in context of human
and natural perturbations; iden-
tify knowledge gaps

Promote common understanding of
ecosystem structure and function

Simulate ecosystem; predict out-
come of human impacts and
management actions

Determine status and trends for
estuarine resources; probable
causes for priority problems

Cumulative assessment of permit-
ted wastewater discharges

Determine scope of unauthorized
discharges

Estimate overall NPS impact by
parameter and subwatershed

Determine physico-chemical
trends and human activity
correlates

Determine biological trends and
human activity correlates

Estimate magnitude of estuarine
bycatch; relate mortality to fishery
stocks

Estimate magnitude of mortality
from intake structures, dredging,
oil and gas activity, recreation

Linear format does not
correspond to ecosystem

Suggests"what" to manage
but not "how" or "where"

Level of complexity modeled
is arbitrary; requires "tiers"
for various uses; not useful
without human impacts

Expensive and time-consum-
ing; biological components
extremely problematic

Are short, schedule-driven
in NEP programs; must be
linked in ecosystem context

Relies on permit and self-rep-
orted values

Requires elaborate surface
and aerial field logistics

Utilizes "ballpark" quantifi-
cation of loadings; field data
verification expensive

Data limited in time, space;
some historical protocols are
now determined erroneous

Data rare for non-consumed
species; catch rates have
obscure relationship to popula-
tion regulation

Lack of data on portion of
bycatch mortality that is
compensatory with natural
mortality; public controversy

Lack of data for some sources;
public controversy

- 7 -



Table 2, Conk

Project Purpose Pitfalls

Status and Trends for
Oysters

Status and Trends for
Shellfishing Closures/
Pathogenic Contamin-
ation

Survey of Toxics in
Seafood Organisms

Status and Trends for
Wetland and Aquatic
Habitats

Status of Resident and
Migratory Bird Habitat

Status of Marina Impacts

Status of Dredge and
Fill Impacts

Economic Resource
Inventory

Data Base Inventory

Bay Bibliography

Coastal Ocean, Mapping,
Planning, and Assess-
ment System (COMPAS)

Information Center

Determine trends for key estuarine
indicator species

Determine history of bacterial pol-
lution, shellfishing closures, and
human pathology related to bay

Determine tissue toxic burden for
five commercial species from four
locations; conduct risk analysis

Utilize remote imagery and ground
truth to digitize 1989 maps to com-
pare to 1956 and 1979 for trends

Compile and synthesize existing
information on habitats associated
with bay; describe bird utilization

Determine impacts of Marinas on
water and sediment quality

Compile and synthesize existing
information on dredging impacts

Estimate reserve quantities of min-
eral resources; determine possible
future related impacts to bay

Identify and describe available
data sets; determine completeness;
provide information in usable, syn-
optic form

Compile all known citations for
Galveston Bay; create friendly
on-line searchable file

Make synoptic information com-
piled from critical bay data avial-
able to managers and public

Permanently house key informa-
tion resources for scientists, man-
agers, and public

Population survey requires
elaborate field logistics

General lack of public
health reporting

Low risk findings from ex-
tensive sampling regime do
not address toxic "hotspots"

Not cheap enough or quick
enough to use same approach
for long term monitoring

Portions of bird habitat out-
side scope of NEP guidance

Estimates must be extrapol-
ated from selected cases

Lack of information on im-
pacts, beyond project des-
criptions

Economic uncertainty

Requires extensive effort by
senior staff members; some
institutions uncooperative;
high proportion data is lost

More time-consuming than
expected

Requires custom module
programing with elaborate
interagency coordination

Requires funding outside
NEP into future

-8-



Table 2, Cont

Project Purpose Pitfalls

Symposia

Publication Series

Environmental
Characterization Report

Identify researchers; promote peer
interaction at ecosystem level;
reach consensus on probable causes

Publish project reports for all
characterization projects

Draft final synthetic report on
the "State of the Bay;" establish
factual foundation for CCMP

Requires independent scien-
tists to contribute findings for
benefit of managers and bay

Review and publishing time-
consuming

Must be drafted prior to final
results becoming available

This view of stewardship also reveals the indirect dependence of management on
basic science (for some, this revelation may not require a diagram). The left end
is inherently part of all science; given a choice, the scientist will choose pursuit of
the unknown over dealing with the known, every time. That is to say, if we limit
the full spectrum of science, we ultimately eliminate a sound basis for
management. This relationship is obscured by cases in which human impacts
are obvious and soluble without scientists—or example, local impacts resulting
from a single point source. However, the lack of even fundamental scientific
principles applied to ecosystem-level management is widespread (e.g., for estuary
monitoring, National Research Council, 1990).

The NEP was not conceived to supply the commitment to science that is necessary
for long-term progress. Rather, estuary programs follow the dictum that: "we
need to do something about our estuaries, and it better be sooner, rather than
later," or perhaps: "we can be effective by just reducing the data we already know
about and applying the results to management." This emphasis on immediate
action is rightly placed: "doing" is at least as important as "knowing." Since
estuaries have been neglected so long, we can make rapid progress for the first
few years without a commitment to long-term research. However, efficient as
this strategy is in the short term, it casts managers in the role of "skimming"
research results and expert opinion from scientists without supplying anything
substantial in return. In doing so we have relied on the generally high personal
commitment of scientists to conserving estuaries.

Fortunately, solutions to the lack of a national scientific strategy for the land-sea
interface are beginning to emerge outside the NEP (Joint Oceanographic
Institutions, Inc., 1990). While not making a direct contribution to this effort, the
17 estuary programs are, none-the-less, cast as testing grounds for a new
continuity of estuary science and management. As individual programs shift
from short term to long-term perspectives, this continuity can result not only in a
gain in critical new understanding of estuaries, but also in improved opportunity
to be responsible for (that is, consistently act on) what we know.

How do we implement the science/management continuum? Work over the last
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three years in Galveston Bay suggests at least five general needs for scientists to
effectively contribute to estuary management. Similar needs have been identified
by other coastal management programs. These are:

1. Science must address the right questions, requiring that
managers have a role in identifying and ranking project topics
(see opening quote);

2. Science must be undertaken in the context of a perturbed
ecosystem, requiring that projects focus on impact dynamics
rather than traditional ecology alone;

3. Science must provide data at a scale of resolution applicable to
management, requiring generalized geographic ordering of
projects and sampling within projects;

4. Results must be available to managers in an accessible, useful
format; requiring that data be converted to synoptic information;
and

5. Science must provide to management an ongoing sensory
component, requiring a monitoring program with a direct link to
management objectives and managers themselves.

The commitments of scientists and managers in facing these challenges will
necessarily differ, if each group is to remain effective. However, each of these
groups brings fundamental strength to an "uneasy alliance" (Flemer, et al.,
1986), which provides maximal attainable resolving power for the problems facing
Galveston Bay.

I thank Russell Kiesling and David Flemer for helpful review of this paper.
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Texas Water Commission Water Quality Monitoring Program
in the Galveston Bay System

George J. Guillen
Texas Water Commission

The Texas Water Commission (TWC) is the primary state agency responsible for
protecting surface and ground water quality within Texas. In order to
accomplish this goal and monitor the effectiveness of water quality management
programs the agency actively monitors the surface water quality of the State's
streams, rivers, lakes, estuaries and nearshore marine waters. This task is
accomplished through the Surface Water Monitoring Program (SWM). Currently
the SWM addresses the following information needs:

1. Description of existing water quality in streams, reservoirs and
bays;

2. Monitoring of impact of industrial, municipal and agricultural
point source discharges on water quality;

3. Assessment of water quality impacts from spill events;

4. Assessment of long-term trends in water quality;

5. Comparison of existing water quality and established water
quality standards (waste load allocations, water quality
standards); and

6. Activities and management decisions pertaining to the Texas
Water Code and Federal Clean Water Act (permits, waste load
allocations, water quality standards, etc.).

Currently, selected water quality parameters are summarized every two years
and presented in the State of Texas Water Quality Inventory. The Water Quality
Inventory is prepared and submitted to the EPA by the Texas Water Commission
in accordance with Section 305(b) of the Clean Water Act. This document provides
information on current monitoring data for some parameters, and water body
segment uses, standards, and problem areas.

The SWM is routinely used to assess the impacts of permitted discharges and/or
spills on water quality. Sampling stations are strategically located in water bodies
to assess the single and/or cumulative impacts of permitted discharges and spill
events. Depending on the chemical characteristics of the waste discharges being
investigated, additional parameters not routinely monitored are also sampled.
These parameters may include heavy metals and/or pesticides. Results of routine
monitoring are often referred to wastewater inspectors for follow-up
investigations of suspected sources.

Long-term monitoring data sets are routinely used to discern trends in various
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parameters. For example, historical data on dissolved oxygen have shown a
gradual improvement in dissolved oxygen levels within the Houston Ship
Channel during the last ten years. In addition, nutrient data for some segments
have exhibited seasonal and yearly patterns within the bay system. Good quality
long-term data sets for dissolved oxygen, pH, water temperature, conductivity,
nutrients, pesticides in water and sediment, and fecal coliform bacteria currently
exist for the majority of the major water body segments in Galveston Bay. To a
lesser extent, total metals in water and sediment data are also available for the
bay system.

Historical data are also used to evaluate attainment of targeted water quality
standards for each segment and/or evaluation and revision of existing standards.
Existing and new pollution control technology can be evaluated for effectiveness.
Decisions on the promulgation of new regulations and/or modifications of existing
management strategies are often based on results of monitoring data. Inclusion
of water bodies on the 304(1) toxicants list is an example in which routine water
quality data were used to target problem areas.

Currently there are 58 water quality monitoring stations located within the
immediate Galveston Bay watershed. Thirty-eight of these stations are located
within the open-bay segments. Surface water sampling for conventional
parameters (nutrients, etc.) is conducted at all of these segments. In addition,
more limited sampling of sediment, fish tissue and biological communities
(nekton, benthics) is conducted at selected stations. Water sampling includes
hydrological profiles of the water column at each station and collection of surface
water samples at designated intervals for selected chemical constituents. When
bottom water samples are required, a Kemmerer water sampler is used.

Sediment and benthic samples are collected with Ekman and/or Peterson
dredges. Nekton are collected with gillnets, seines and stationary revolving
intake screens located primarily within the Houston Ship Channel. Starting this
year the TWC will also be conducting ecoregion monitoring of tidal tributaries for
nekton (fish and macroinvertebrates) as part of a wider state-wide effort to
characterize ecoregions. This data will be used for development of water quality
standards and permitting. In addition to routine monitoring, the TWC has also
conducted many intensive surveys and special studies on selected watersheds
(e.g., Houston Ship Channel, Dickinson Bayou, and permit site assessments etc.)
in support of permitting issues and waste load allocations.

Water and sediment samples collected from the SWM are submitted to the agency
and contract labs for analyses. Each of these laboratories are required to follow
EPA protocol for quality assurance/quality control (QA/QC). These chemical data
are then entered with any accompanying biological data into the TWC water
quality database in Austin. Currently the agency has data in computerized
format for many stations back to 1968. Monitoring data is readily available from
the Austin office in various forms including hard copy and PC-compatible
formats (e.g., ASCII, LOTUS etc.). This information is normally provided free of
charge to state agencies and university researchers. Private individuals are
usually charged for copying and/or computer time. In addition to the computer
data bases discussed, there are numerous published reports dealing with various
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aspects of water quality within the Galveston Bay watershed that are available
from the TWC. Depending on the recommendations of the GBNEP Management
Conference and available resources, future monitoring of Galveston Bay will
hopefully increase. Since 1974 the SWM has undergone a state-wide reduction of
15% of the historical sampling stations and 54% reduction in sampling events,
mainly as a result of budgetary constraints. It is important that this trend not
continue. Without sound monitoring programs, it is difficult to evaluate the
effectiveness of our past actions or to improve our future management of
Galveston Bay.
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Texas Parks and Wildlife Monitoring Program
in the Galveston Bay Complex

Lawrence W. McEachron
Texas Parks & Wildlife Department

The Texas Parks and Wildlife Department (TPWD) has conducted research on the
Galveston Bay complex since the early 1950s. Commercial landings have been
monitored since 1936. Eastern oyster (Crassostrea virginica) population studies
began in the early 1950s and shrimp (Penaeus spp.) studies in the late 1950s.
Hydrological data have been collected on a routine basis since the mid-1950s.

The overall management approach utilized by the TPWD for Galveston Bay
changed in the mid 1970s. Prior to 1974, most studies dealt with oyster and
shrimp populations, ecological aspects of the bay, or targeted specific problems.
Average length of the ecological studies was about two years. Examples of
ecological studies conducted during this interval include the Christmas Bay,
Chocolate Bay and Cedar Bayou-Trinity Bay studies. Almost all studies conducted
prior to 1974 are contained in Department project reports. The only information
computerized is the Hydrological Study data.

Beginning in 1974 the TPWD embarked on a long term Coastwide Monitoring
Project which included Galveston Bay. Two programs, Harvest and Resource
Monitoring, require two administrative personnel, three biologists, eight
technicians, and a master/pilot, all stationed at the Seabrook Laboratory. Overall
direction for the Programs is coordinated from the Rockport Laboratory.

The objectives of the Harvest Program, in existence since 1974, are to monitor
trends in socioeconomic characteristics, landings, angling pressure and
catch/effort of sport-boat fishermen in order to assess the need for and impact of
saltwater fishing regulations. Private boat, charter boat and head boat fishermen
are surveyed annually; shore-based fishermen are monitored every 5-10 years.
Commercial fishermen are monitored through a self-reporting system, through a
cooperative effort with the National Marine Fisheries Service, and through on site
and aerial surveys. The Harvest Program generally uses on-site surveys to collect
interview data. Survey sites are selected at random but are weighted according to
information obtained during roving counts. Therefore, access sites with high
activity are surveyed more often than those with low activity. Although survey
sites are selected to maximize the number of sport fishing interviews, all user
groups are interviewed. Short-term data have been collected on specialized
recreational fisheries such as the spring black drum (Pogonias cromis), fall red
drum (Sciaenops ocellata), fall flounder (Paralichthys sp.) and winter spotted
seatrout (Cynoscion nebulosus) fisheries.

The objectives of the Resource Program, in existence since 1976, are to: 1) develop
long term trend information on finfish and shellfish population abundance and
stability; 2) monitor environmental factors which may influence finfish and
shellfish availability; and 3) determine growth, mortality and movement of
selected species through recapture of tagged fish and by scale analyses. To
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ensure random sampling throughout Galveston Bay, the bay has been sectioned
into 1-minute latitude by 1-minute longitude grids. Each grid has been subdivided
into 144 "gridiets". With this system each section of shoreline and open bay water
has an equal chance to be sampled. All sites are selected randomly before going to
the field. Five sampling gears are utilized in the Galveston Bay complex and in
the gulf off Galveston. In the bay 18.3 m long bag seines, 182.9 m long gill nets, 6.1
m wide trawls and standardized oyster dredges are used. In the Texas Territorial
Sea 6.1 m wide trawls, 60.9 m long beach seines and 18.3 m bag seines are
utilized. All organisms caught in a gear are processed. Dissolved oxygen,
temperature, salinity, and turbidity are collected with each sample. During one
year 1,470 samples (about 122 samples/month) are collected.

All data for both the Harvest and Resource Programs are stored on computer. An
overview of all data is published annually in the TPWD's Management Data
Series. Data collected on both Monitoring Programs have been used to develop
coastwide Management Plans for shrimp and Eastern oyster. Management
plans are being developed for red drum, black drum, spotted seatrout, sheepshead
(Archosargus probatocephalus), southern flounder (P. lethostigma), and blue
crab (Callinectes sapidus). Resource and harvest data have been used to set the
dates of the annual Texas closure in the Gulf, to assess impacts of catastrophic
events (i.e., freezes, red tide), and have been used by the TPWD and outside
entities to address items of environmental concern.

In addition to both monitoring programs, numerous special projects of interest
are conducted in cooperation with area universities, the federal government,
other state agencies, and local organizations. Special projects include, but are not
limited to: oyster disease assessment; electrophoresis analyses of spotted seatrout,
red drum and black drum; mitochondrial DNA analysis of red drum; commercial
assessment of striped mullet, (Mugil cephalus); and finfish and shellfish tagging
studies. The number and complexity of special projects is generally limited by
manpower and budget constraints, but the TPWD makes effort to incorporate
special projects into the routine monitoring program. Most of these special
projects will be published in-house or in peer-reviewed journals.

The present TPWD monitoring programs have evolved since 1974 through
systematic appraisal of objectives. The programs are designed so new items of
concern can be addressed without jeopardizing the overall program objectives.
TPWD monitoring programs are based on statistical approaches and are
defensible in court. With these programs in place it is possible to preserve and
enhance the natural resources of the Galveston Bay complex.
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History and Status of the
Texas Molluscan Shellfish Regulatory Program

Richard E. Thompson
Texas Department of Health

The National Shellfish Sanitation Program (NSSP) was established in 1925 to
provide guidelines for the safe production and consumption of molluscan
shellfish (oysters, clams and mussels), which are normally eaten whole and raw.
Under the program, the states agreed to adopt necessary laws and rules to
administer the program, to survey and classify shellfish growing areas and to
inspect and certify the shippers and processing plants in conformance with the
guidelines established by the NSSP. The shellfish industry agreed to harvest
shellfish only from approved areas and to ship and process shellfish in
conformance with the laws and rules. The role of the federal government was to
evaluate the state programs and the level of industry conformance and to either
endorse or withhold endorsement of the state program based on the level of
conformance by the state and the industry. A Manual of Recommended Practice
providing the guidelines was developed in two parts: Part I - Classification of
Shellfish Growing Areas, and Part II - Sanitation of the Harvesting and
Processing of Shellfish. This program worked well until the late 1970s.

Changing events in the 1970s led to a need for a more responsive and more flexible
program. In 1982, the Interstate Shellfish Sanitation Conference (ISSC) was
established to replace the NSSP. The Conference operates on much the same
principles, but meets annually to consider revisions in the manuals and to resolve
procedural issues. During the 1983-1987 period, major updates and revisions
were made to the manuals, consistent with the scientific knowledge available.

State law in Texas provides that shellfish in Texas must come from a state or
nation whose program conforms to the current Manual of Recommended
Practice. Prior to the statute adoption in 1965, a voluntary program had existed in
Texas. Subsequent to the statute adoption, surveys were conducted on the
growing areas and the coastal systems were classified as "Approved Areas" or
"Polluted Areas". Harvesting of shellfish from "Polluted Areas" is prohibited by
additional statutes. Classification of an area as "Polluted" applies only to
shellfish harvesting. The criteria for this classification are about fourteen times
more stringent than the contact recreation standards which apply to waters that
people swim in, and therefore get in their ears, nose and mouth. It is possible for
relatively clean waters to fail to meet part of the criteria and to be classified as
"Polluted". Classifications remained fairly stable throughout the 1970s and into
the middle 1980s. With the revisions in the manuals, and with increased
emphasis of the Texas Shellfish Program, a complete resurvey of the Texas coast
was completed in 1988, and several changes in classifications were made,
including establishment of six Conditionally Approved Areas. During the last
two years, a few minor changes have occurred, but in general the classifications
have been stable. The classifications are to be reviewed every three years, with
complete resurveys to be completed at least every twelve years.
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The sanitary surveys conducted by the Department of Health consist of four parts:

1. A pollution source survey to determine types, quantities and
discharge points of all pollution;

2. A hydrographic survey to determine the physical characteristics
of the receiving waters, i.e., depth, volume, currents, tides, etc.;

3. A meteorological survey to determine weather patterns and the
effects of weather events on pollution sources and receiving
waters; and

4. A bacteriological survey consisting of water samples from selected
stations which represent the potential pollution impact on the
system to determine if actual pollution extends beyond the
potential pollution areas determined from the first three parts of
the survey.

Areas which have potential for pollution or which have results of the
bacteriological survey exceeding the established criteria are classified as
'Polluted". If sufficient samples can be collected to evaluate all types of weather
conditions and the resultant effects on the system, and the results of the
bacteriological survey indicate that under some conditions the "Polluted" areas,
or portions of them, are not impacted by the pollution to exceed the criteria, and
certain other specific requirements can be met, the areas can be operated as
Conditionally Approved, and can be open to harvest under specified conditions.

Current shellfish classifications in the Galveston Bay complex are as follows:
140,285 acres Approved, 44,060 acres Conditionally Approved, and 150,220 acres
"Polluted", (see maps dated November 1, 1990). The Conditionally Approved area
1 is open for harvesting until greater than two inches of rain is recorded in San
Leon in seven days, and areas 2 and 3 are open for harvesting until greater than
two inches of rain is recorded in Baytown in seven days or the Trinity River rises
to higher than nine feet at Moss Bluff. The majority of the "Polluted" area is
available for transplanting, with some thirteen small areas prohibited in the
immediate vicinity of sewage treatment plant outfalls, and a larger section of
northwest Galveston Bay in the vicinity of Morgan Point being prohibited because
of chemical contamination. Transplanting is not allowed out of West Bay.

Approximately 1,200 bay water samples were collected in the Galveston Bay
Complex in 1990, and were analyzed for fecal coliform bacteria. At the same time,
various physical and chemical measurements were taken at the sampling
locations. All of the data is recorded in computer at the Department of Health in
Austin. Historical records of fecal and total coliform bacteria and
physical/chemical measurements dating back to 1958 are recorded also. All of the
applicable data is used in the re-evaluation of each station, each year for
Conditionally Approved areas and every three years for all other areas. Re-
evaluations can be conducted at more frequent intervals if changing situations
indicate the need.

-21 -



Fisheries Management Research in Galveston Bay

Edward Klima, Neal Baxter, James Nance, Geoffrey Matthews, Eduardo
Martinez, Dennis Emiliani, and Margot Hightower

National Marine Fisheries Service

Our management research addresses brown shrimp (Penaeus aztecus) and white
shrimp (Penaeus setiferus) fisheries in Galveston Bay and offshore. This is done
by monitoring penaeid shrimp populations at various stages in their life cycles
and determining stock size in relation to various environmental conditions. By
predicting the commercial shrimp harvest, we enable fishermen to prepare for
the harvest before the season opens, suggest where the fishing will be best, and
determine what catch rates may be expected. This information also is used to
assist the Gulf Fisheries Management Council, National Marine Fisheries
Service (NMFS) and state agencies in management and conservation of shrimp
resources.

One of our activities is forecasting annual brown shrimp harvests from offshore
Texas using Galveston Bay as the data source. One objective is the identification of
pertinent habitat and environmental factors which govern recruitment success
for brown shrimp. Similar management research is underway to develop the
potential of forecasts for white shrimp.

Monitoring of Texas brown shrimp recruitment begins with weekly sampling of
postlarval shrimp that enter Galveston Bay and other Texas bays during the early
part of the year. Postlarval brown shrimp abundances are sampled at Bolivar
Roads each spring. Temperature and rainfall data are obtained from the
Galveston office of the National Weather Service, and water height data from the
Pier 21 gage operated by the National Ocean Service. The data are analyzed in a
multiple regression model developed to give shrimpers a two-month lead time
before the major fishing begins. Understanding the effects of weather fronts
("northers") on postlarval brown shrimp immigration is an essential part of
improving the prediction of annual brown shrimp harvest. These distinctive
phenomena are addressed by putting special emphasis on sampling intensively
before, during and after passage of cold fronts. Also, we are assessing the cross-
channel variations in postlarval shrimp abundance as well as the effects of
variable coastal currents, through satellite imagery, on recruitment to Galveston
Bay.

These activities are followed by quantitative sampling of juvenile shrimp in
various estuarine habitats from spring through fall to assess the carrying
capacity of the habitat and the condition of the juvenile shrimp. The Galveston Bay
bait shrimp fishery is monitored to check abundances of subadult shrimp as they
begin their movement out of the estuaries back towards the Gulf of Mexico. These
data are a prime indicator of the potential Texas harvest of brown shrimp for the
year.

Sampling conducted in offshore waters of Texas through the Southeast Area
Monitoring and Assessment Program (SEAMAP) is another means of examining
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the size and abundance of shrimp stocks before and after the fishing season. In
addition, hydrographic, environmental and ecological factors which modify
coastal and estuarine habitats are analyzed with these biological data. Such
monitoring helps to delineate the important conditions and events, such as floods
or hurricanes, that govern recruitment success of each shrimp species. Remote
sensing with ground truth verification also assists in our understanding of the
coupling of environmental conditions and shrimp productivity.

A model of shrimp mortality in estuaries is under development to determine
possible effects of habitat loss and physical alteration of Galveston Bay on annual
recruitment levels of brown shrimp. The objective of this project is to construct a
simulation model of shrimp burrowing, which has been shown to be a major
predator avoidance behavior. Laboratory and field experiments are being used to
define important factors regulating burrowing of brown shrimp and to construct
a simulation model to describe this behavior.

Much of the data used in these fishery management operations are collected
through year-round interviews of bay, bait, and offshore shrimpers by our port
agents. While this may be the least glamorous of jobs, it is perhaps most
important in actually describing the shrimp fishery. Shrimp catch and effort data
are collected and exchanged with state agencies for their information on other
fishery species such as blue crabs (Callinectes sapidus) and finfish. In this
manner, both federal and state management agencies benefit from data
collection.
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Overview of Environmental Studies for the
Houston-Galveston Navigation Channels, Texas Project

Thomas H. Rennie
Galveston District, U.S. Army Corps of Engineers

The January 8, 1990 Chief of Engineers' Report recommended that the Corps of
Engineers conduct additional environmental studies of the proposed enlargement
of the Houston and Galveston Ship Channels to help answer environmental
concerns raised by resource agencies. The proposed channel project, scheduled
to be constructed in two phases, includes plans to deepen the Houston Ship
Channel (HSC)) from the existing 40-foot depth to 45 feet, and widen it from 400 to
530 feet in the first phase. A 450- foot wide section of the 1,125-foot wide Galveston
Channel would be deepened from the existing 40-foot depth to 45 feet. Phase two
plans for both channels to be deepened to 50 feet and the HSC to be widened to 600
feet.

In subsequent meetings between the Assistant Secretary of the Army, the Corps,
and resource agencies, agreement was reached that the environmental studies
would be completed and incorporated into a Supplement to the Final
Environmental Impact Statement (SEIS) prior to seeking construction
authorization from Congress. Engineering and design work on the project will
continue in the mean time along with the environmental studies. The agencies
also agreed to make every effort to ensure that the studies and SEIS are completed
on schedule.

To foster better coordination between the Galveston District of the Corps and the
resource agencies concerning the development of these additional environmental
studies, an Interagency Coordination Team (ICT) was formed and has met since
January 1990. To date, the ICT has successfully agreed on the Scopes of Work
(SOW) for the following technical studies: a Hydrodynamic and Salinity Model
Study, a Ship Handling Simulation Model Study, a Oyster Model Study, a
Contaminants Study, and procedures and methodology for developing a plan for
beneficial uses of project dredged material, assessing cumulative impacts of all
major projects in Galveston Bay, and locating and designing mitigation oyster
reefs. In addition, the ICT agreed on the science for a Benthic Recovery Study
which subsequently received Washington-level approval. Except for the Benthic
Recovery Study, the additional studies are to be completed by October 1992 and will
add approximately $6.7 million to the project budget. The draft SEIS is scheduled
for public review in April, 1993.

Three of the previously mentioned studies are being conducted by the Corps'
Waterways Experiment Station (WES) at Vicksburg, Mississippi. The WES
Hydrodynamic and Salinity Model Study will use three-dimensional RMA-10
computer modeling to assess the effect of the channel improvements and dredged
material disposal plans on water circulation and salinity patterns in Galveston
Bay. As part of model verification, two types of field investigations were conducted
including a intensive 25-hour survey for vertical current and salinity data at
selected Galveston Bay stations, and a long-term (180 days; July 1990-January
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1991) monitoring program to obtain water level, salinity, and current data (see the
abstract of Larry M. Hauck for details of the long-term field investigations).

The WES Ship Handling Simulation Model Study will aid in refining the
recommended channel size and alignments by tests of computerized and scale
models of ship movements, including passings, at different sections for both
existing conditions and proposed enlargement dimensions. Ship pilots who
presently navigate the existing channels will participate in the model runs. In
November 1990, ship positioning equipment was placed on separate inbound and
outbound ships to obtain continuous ship position data (Global Positioning
System-GPS) during approach, meeting, and passage maneuvers of the two
ships. The collected data will be used to improve the computer simulation of ship
passing maneuvers.

WES has also initiated a Benthic Recovery Study to determine the rate of biological
recovery on submerged new-work dredged material disposal areas in Galveston
Bay. Two 23-acre experimental disposal areas are proposed to be constructed in
upper and lower Galveston Bay and sampled periodically for benthic and nektonic
organisms (crustaceans and fish) to evaluate the recovery rate and fishery
utilization of benthic assemblages (including use of predator-exclusion caging
efforts) on stiff clay habitat. Pre-disposal sampling of the proposed disposal areas
have occurred (see abstracts by LaSalle, Diez, and Bass about the pre-disposal
efforts).

An Oyster Model Study will be conducted by faculty from Texas A&M University
and Old Dominion University to assess impacts of possible project-induced
salinity changes on oyster populations in Galveston Bay. An existing oyster
population dynamics computer model is being modified to incorporate larval
transport and mortality by parasites (primarily Perkinsus marinus) and
predators, and will be coupled to the WES hydrodynamic model. The model will
also be used for siting new oyster reefs in Galveston Bay for project mitigation and
beneficial uses of dredged material.

The 1CT Cumulative Impact Subcommittee agreed that the cumulative impacts of
other projects in Galveston Bay will be assessed in the project SEIS using the most
recent and best information available. However, no additional studies (including
field studies) to assess parameter impacts would be part of this effort. A
Contaminants Study will use tiered testing procedures of increasing sensitivity to
evaluate the contaminant potential of project maintenance dredged material.
Test results will be used to determine the suitability of the material for disposal
options, including beneficial uses. The testing procedures will follow the
approach in the EPA/Corps manual: Ecological Evaluation of Proposed Discharge
of Dredged Material into Ocean Water ("green" version for ocean disposal; "gold"
version for disposal in Galveston Bay).

The ICT Beneficial Uses Subcommittee is presently working on the identification
and evaluation of dredged material disposal ideas offered by the public and
resource agencies to help develop a locally-preferred disposal plan. The
Subcommittee will attempt to make maximum beneficial use of the material in
Galveston Bay including developing wetland areas, creation of bird islands,
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creation of recreational sites, creation of shore protection berms, erosion control,
and forming the support base for mitigation oyster reefs.

Results of the two years of additional studies should:

1. Satisfy concerns about the project by providing extensive new
scientific knowledge of Galveston Bay circulation and salinity
patterns and refinement of project-induced environmental
impacts to bay biota, especially to oyster populations;

2. Provide information for refinement of the project mitigation plan,
especially in the siting and creation of artificial oyster reefs;

3. Lead to the development of a locally preferred disposal plan for the
project;

4. Result in refinement of project ship channel design dimensions;

5. Offer the opportunity for the Corps, resource agencies, and
environmental interest groups to work together to seek an
acceptable project that both protects Galveston Bay resources and
provides for environmentally sustainable development; and

6. Serve as a guide for future interagency coordination efforts on
complex coastal projects.
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Point and Non-Point Source Pollution



Status and Trends of Water Quality, Sediment Quality, and
Point Source Loadings in Galveston Bay

Neal E. Armstrong
Department of Civil Engineering, University of Texas at Austin

and
George H. Ward

Center for Research in Water Resources, University of Texas at Austin

For many years, data relating to the quality of water and sediment in the
Galveston Bay system have been collected by a variety of organizations and
individual researchers. The objectives of data collection have been equally varied,
including the movement and properties of water, the biology of the bay, waste
discharges and their impacts, navigation, geology and coastal processes, and
fisheries. Some of this information dates back more than a century. While the
specific purposes of the individual data collection projects have limited each
Galveston Bay project in time and space, the data have great potential value to the
Galveston Bay National Estuary Program (GBNEP) if they can be combined into
comprehensive data bases yielding a historical depiction of the quality of the bay
environment. As a part of the GBNEP, work is underway to compile and evaluate
these data, and to employ these data in a quantitative assessment of alterations of
bay quality and influences from point source loads.

The key objectives for these projects are:

1. Compilation of comprehensive data bases in machine-
manipulable format;

2. Analysis of time and space variation (including "trends"); and

3. Identification of causal mechanisms to explicate the observed
variations.

Specific parameters addressed are: nutrients (organic and inorganic carbon,
phosphorus, and nitrogen); heavy metals (total and dissolved); pesticides,
herbicides, and priority pollutants; chlorophyll a and pheophytin; pH;
salinity/conductivity/TDS; turbidity/TSS; dissolved oxygen; fecal coliforms;
temperature; biochemical oxygen demand (BOD); oil & grease; volatile solids;
grain size (for sediments, especially sand fraction); secchi depth; chlorides; and
total coliforms. Point source loads are considered to include both permitted
discharges and riverine influxes. Loading is, of course, a calculated quantity,
based upon the point source concentration and flow rate. Good estimates of
loading can be calculated when there is simultaneous sampling of flow and
concentration, as is generally the case for permitted point sources into the bay.
For other point source loads such as major tributaries (including reservoir
discharges), flow data are generally available on a daily basis, but constituent
concentrations are not, and various statistical techniques have to be employed to
estimate loadings, e.g., concentration vs. flow and load vs. flow relationships.
Especially for longer term time periods, we anticipate significant gaps in both
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ambient data and pollutant loading, especially priority pollutants.

A principle to be observed in the data compilation is differentiating the primary
data base from derivative data bases. The primary data base codifies (in machine
format) the measurements as reported by the originating agency, i.e., exactly the
information implicit in the original: nothing is lost or added. Even the original
units of measurement are preserved (because an apparently innocuous
conversion of measurement units can introduce a distortion, by altering the
implicit level of precision). For various analytical purposes, however, these data
will be modified, for instance converted to common units, averaged in the vertical,
aggregated, or screened out according to some criterion. The data set so
processed is a derivative data base. Any number of derivative data bases can be
created according to the needs of a scientific investigation; however, the primary
data base, once established, should remain inviolate and sacrosanct.

A part of this work is the determination of the "reliability" of historical data so
that measurements may be discounted that are judged to be "unreliable." The
general problem of establishing data quality involves assessment of differences
among data sets arising from differing analytical methodologies, different agency
objectives, and differences in field procedures. For recent data with well-
established protocols, quantifying accuracy and threshold is straightforward.
For older data, the methodologies and care of the observers must be judged.

Several straightforward evaluations of cause-and-effect hypotheses are possible
within the scope of these projects, especially the association of historical
variations with large-scale controls, such as major structural modifications to the
system (e.g., Houston's Northside STP, major dredge-and-fill projects, operation
or enlargement of power plants, and imposition of internal barriers, such as the
Texas City Dike), and with system transport.

Several reports will be produced from this project. One will address the data base
itself, documenting the sources for the data, formatting of the data, methodology,
quality, and spatio-temporal coverage. This will function as a Users Guide to the
data base, to form the foundation for use of the data base by other researchers.
This report will also include an assessment of the historical data base and the
data collection programs that have produced it, with gaps and inadequacies
identified, and specific recommendations for future monitoring programs in
Galveston Bay. A separate document will employ the data base to characterize the
Galveston Bay system, including statistical analyses of the data for key water-
quality areas and all TWC segments, identification of water-quality problems, and
an analysis of apparent mechanisms for the variation in space and time of water
quality, and for the occurrence of water-quality problems.
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Shoreline Surveys for Unpermitted Point Source Discharges

Roger R. Fay, R.J. Wilson, and Stephen T. Sweet
Geochemical & Environmental Research Group, Texas A&M University

Various Characterization studies have been contracted by the Galveston Bay
National Estuary Program (GBNEP) to better substantiate problems affecting the
estuary, to evaluate their causes, and to recommend possible management
solutions. Water bodies along the Texas coast have been detrimentally impacted
by various amounts of undocumented pollution from unpermitted discharges.
Preliminary estimates are that the quantities of pollutants released from these
sources may exceed amounts discharged from permitted sources. The Shoreline
Surveys for Unpermitted Discharges is one such study which identifies and maps
permitted and unpermitted discharges in nine selected shoreline segments of the
Galveston Bay system.

The objectives of this study are to identify and map unpermitted point source
discharges within nine selected shoreline segments of Galveston Bay and to
develop a standard methodology and framework for future comprehensive
shoreline surveys of the Galveston Bay system. This pilot study utilized low
altitude aerial surveys and shallow draft small boat surveys to determine the
extent of and document the location of unpermitted discharges along 159 miles of
bayou and bay shoreline. Nine different shoreline types, each representative of a
unique watershed or type of coastal development, were surveyed. Positions of
discharges, both permitted and unpermitted were mapped and logged on to a
personal computer data base management system (Reflex Plus) and photographic
documentation from both aerial and surface observations were cataloged. The
information was sorted to provide regulatory agencies immediate information for
management and enforcement action.

The study was broken down into three basic parts: determination of permitted
discharges within a segment, an aerial survey, and a shallow draft boat survey.
Research was performed to determine the location, description and discharge
type from the appropriate regulatory agencies. Permitted sites were plotted on
seven-and-one-half-minute USGS topographical maps, and the information
entered into the data base. Compilation of the initial data base was followed by an
aerial photo-survey over each segment (still and video) to confirm the location of
permitted sites, to document unpermitted discharges, to prioritize areas within
the segment for the subsequent ground photo-survey, and to plot the unpermitted
sites on the same map for use in the ground survey. Aerial observations were
also entered into the database. The final part was the shoreline photo-survey
utilized shallow-draft boats. This work was undertaken to verify the location of
the plotted sites (using LORAN C), to search for additional unpermitted
discharges, to plot these on the same map, and enter these observations into the
database.

The initial cause for concern appears justified. For the study area, approximately
120 discharges are permitted by the Texas Water Commission (TWO or the
Railroad Commission (RRC). Based on the results of this project, an even greater
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Figure 1. Portions of the Galveston Bay shoreline addressed in this study.
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number of sites were identified as unpermitted with at least the potential for being
an active unpermitted discharge. These include a surprising variety and
magnitude of point sources and include, but are not limited to, oil production
effluents, storm sewers, domestic sewage, industrial facilities, and unidentified
sources.

A methodology was developed to allow a comprehensive Bay-wide survey to
identify all sources of water-borne contaminant inputs to Galveston Bay, and
which is applicable to all coastal waters. Some regions were better suited for
aerial surveys (e.g., a shallow bayou) while others were better suited for ground
surveys (e.g., a heavily foliated bayou or intensely developed shorelines). By
combining both aerial and boat surveys, efficient and complete coverage was
achieved.

Numerous concerns in regard to logistics, methodology, and conceptual criteria
have arisen and been identified through this study. These need to be addressed in
the scope of work before such a bay-wide comprehensive survey is undertaken.
Further regulatory investigation by the responsible state and federal agencies will
be required to determine the actual extent to which these unpermitted discharges
contribute to the contaminant loading of the Galveston Bay system, and to
implement corrective action as necessary.
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Characterization of Non-Point Sources and Loadings to Galveston Bay

Charles J. Newell
Groundwater Services, Inc.

and
Hanadi S. Rifai and Philip B. Bedient

Department of Environmental Science and Engineering, Rice University

Project Objectives

Non-point source (NFS) pollutants are an important factor in the management of
water quality in Galveston Bay. In November, 1990 the Galveston Bay National
Estuary Program (GBNEP) initiated a project to conduct a geographic analysis
and priority ranking of possible NFS sources and impacts on the Bay. To perform
this analysis, the Groundwater Services/Rice University project team will develop
a computerized geographic information system (GIS) of the Galveston Bay
watershed comprised of subwatershed boundaries, area land use, and other NFS
environmental information. A comprehensive literature review, covering both
national and local NFS projects, will be conducted to identify NFS loading data for
several key water quality parameters. The loading data will be used in the GIS
system to calculate of NFS loading rates for each subwatershed and rank each
subwatershed according to the NFS contributions to the bay.

The final product will be a written report and a series of maps, delivered in both
paper and electronic form, summarizing the location and relative contribution of
different NFS areas to the bay. The maps will help identify NFS "hotspots" in the
Galveston Bay watershed, and set the foundation for future NFS monitoring
activities and development of management strategies. The expected project
completion date is July, 1991.

Project Design

As specified in the GBNEP project design, the primary elements for the NFS
analysis will include watershed hydrology, NFS loading estimates, ranking of
subwatersheds, upper watershed influences, and mapping. The approach to
each element is discussed in more detail below.

• Watershed Hydrology. The entire drainage basin to Galveston Bay
(excluding watersheds draining into Lake Houston and Lake Livingston) will be
mapped and divided into approximately 15 major watersheds and approximately
100 subwatersheds. The delineation process will be based on the Texas water
quality segments, land use patterns, and subwatershed delineations used in
existing hydrologic models in the study area.

• Land Use. A detailed land cover/land use analysis will be developed to
provide a basis for the NFS loading calculation. Two approaches for developing
electronic versions of the land coverAand use maps are now being considered:
interpretation of available LANDSAT imagery, and utilization of existing USGS
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land cover maps augmented by analysis of aerial photos of critical areas.

• Relative NFS Loading Estimates by Land Use Category and NFS
Parameters. Empirical data, collected from local studies when possible, will be
used as the basis of the NFS loading data for this study, and representative Event
Mean Concentrations (EMCs) will be compiled to quantify water quality of runoff
from different land uses. Eight water quality parameters will be analyzed for the
GBNEP NFS database: total phosphorus; nitrate + nitrite; oil and grease; one
heavy metal (either lead, copper, or zinc); one organic compound (either phenol or
pentachlorophenol); fecal coliform bacteria; and sediment (total suspended
solids).

After developing representative EMCs for each parameter for the different land
uses, NFS loads will be calculated by multiplying the EMCs by subwatershed
runoff volumes. Runoff coefficients will be calculated using a simple
rainfall/runoff algorithm, such as the SCS Curve Number Method (Technical
Release TR-55), based on soil type, land cover, and land use. USGS stream gaging
data, as well as detailed runoff coefficient data collected from previous NFS
loading studies, will be utilized to verify the accuracy of the runoff coefficients
used for the NFS loading calculation. Since the different water quality
parameters impact the bay on different time scales, the calculation and mapping
of NFS loading rates for each subwatershed will be repeated for three separate
rainfall scenarios, such as annual runoff, a one-year frequency storm event, and
a second individual storm event.

• Ranking of Subwatershed NFS Loading Contributions. On the basis of the
relative loading estimates (developed as described above), subwatershed
boundaries, and hydrologic features, each subwatershed will be assigned a total
NFS loading contribution estimate using the GIS system. Each subwatershed
will then be ranked relative to other subwatersheds for each of the eight NFS
parameter categories. The subwatershed ranking procedure will evaluate the
contributions of subwatershed land use and hydrology, as well as areal extent, in
the determination of subwatershed loading contribution. Following completion of
the ranking procedure, composite coded maps which display the assigned
rankings from various subwatersheds will be developed using the GIS system.

• Upper Watershed Influence. Because NFS loadings entering Lake Houston
and Lake Livingston are either greatly reduced or attenuated by the reservoirs,
the upstream watersheds of the San Jacinto River and the Trinity River are
excluded from this analysis. Existing water quality data, collected at regular
periods below the reservoirs, will be statistically analyzed in detail and compared
to the hydrologic record to estimate NFS loadings from the two reservoirs.

• Mapping. A GIS known as SYSTEM 9 will be used to process the land use
and NFS loading data and prepare all final project maps. The SYSTEM 9 GIS has
been used successfully at the Rice University Department of Environmental
Science and Engineering for over a year to conduct well head protection mapping,
and is well suited for the geographic interpretation and mapping requirements of
this study. The SYSTEM 9 GIS is an advanced, object-oriented product based on
the EMPRESS standard query language (SQL) database system. The spatial
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correlation and querying capabilities of SYSTEM 9 will greatly enhance efficient
data compilation and map production for the project. The SYSTEM 9 product
includes a user interface, known as the Analytical Tool Box (ATB), that allows
complex surface area and perimeter computations, geometric union and
intersection calculations, and the performance of data retrieval and update
functions. The final electronic versions of the GIS products will be delivered to the
GBNEP in ARC/INFO format, a standard GIS file format, so that other
researchers can utilize the maps for future projects.

Work Performed To Date

A comprehensive literature review of local and national sources of NFS
information has been completed. A detailed listing of local NFS EMC data has
been compiled, and has been supplemented with national data for selected
parameters, such as oil and grease. Electronic versions of USGS 1:24,000
topographic maps have been entered into the system, and a second GIS
workstation has been purchased. Harris County Flood Control District watershed
maps and Soil Conservation Service soil maps have been obtained, and digitizing
of these maps into the System 9 software has been started. Options for
constructing the land cover/land use maps have been developed, and are now
being evaluated in detail.
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The Houston Ship Channel



Utilization of the Upper Houston Ship Channel by Fish and
Macroinvertebrates with Respect to Water Quality Trends

Richard Seller and George Guillen
Texas Water Commission

and
Andre M. Landry, Jr.

Texas A&M University at Galveston

At present very little information exists on the fish and macroinvertebrate
communities which reside in the upper portions of the Houston Ship Channel
(HSC). Early studies on nekton populations indicated little utilization of these
areas. Chambers (1960) found the area above the confluence of the San Jacinto
River to be virtually devoid of nekton. By the mid 1970s, diversity and utilization of
Segment 1006 (San Jacinto River to Greens Bayou) by nekton had greatly
improved, yet Segment 1007 (Greens Bayou to the Turning Basin) remained
depauperate (TWDB 1980). Since this period there has been considerable
improvement in the water quality due to increased state and federal regulations
and more restrictive effluent requirements. In addition to routine water quality
monitoring, the Texas Water Commission (TWC) has recently been monitoring
nekton populations in HSC stream segments 1006 and 1007. The objectives of this
monitoring program are to characterize nekton populations in the upper HSC and
to assess the impacts of water quality trends on these communities.

Study Site and Methods

From March 1988 through July 1989, nekton were collected from revolving
screens of the cooling water intake structures at the Houston Lighting and Power
Deepwater Generating Plant (Segment 1007) and the Occidental Chemical Deer
Park Plant (Segment 1006). Four thirty-minute replicate samples were collected
every two weeks at each location. Revolving screen data from August 1988 to July
1989 are discussed in this report.

Beginning in August of 1988 additional collections were taken by seine and gillnet
at one site in each segment. From September 1988 to August 1989 seining was
expanded to monthly sampling at six locations, three in Segment 1006 and three
in Segment 1007. Three replicate 50-ft seine hauls were made with a 45 ft by four
ft straight seine. Seining was discontinued in May 1989 at one station in Segment
1007 due to high water, debris and inaccessibility. Gillnet sampling was
continued every two months at one station in each of the segments 1006 and 1007
with a 200 ft by eight ft experimental gillnet of eight 25 panels ranging from four to
1/2 inch bar mesh. Sample site locations are shown on Figure 1.

All organisms collected were identified to lowest possible taxa and enumerated.
Numbers of individuals per taxa, numbers of taxa and total numbers of
organisms were recorded for each replicate, and mean catch per unit effort,
mean number of taxa and cumulative number of taxa were tabulated for each
month and segment.
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GALVESTON BAY

Figure 1. Map of study area, showing Houston Ship Channel Segments 1006 and 1007, with
sampling stations indicated.

Temperature, pH, conductivity, salinity and dissolved oxygen were measured at
one foot below the surface and one foot off the bottom with a Hydrolab Surveyor II
multi-parameter water quality measuring instrument. Mean monthly values for
each segment were tabulated from data collected at each sampling event.

Results

Hydrological data closely followed expected seasonal trends (Fig. 2). Mean bottom
(20 ft) dissolved oxygen levels in Segment 1007 ranged from a high of 6.9 mg/1 in
February 1989 to a low of 0.2 mg/1 in June 1989. In contrast dissolved oxygen
values were consistently 1.0 - 1.5 mg/1 higher in Segment 1006. Mean bottom
temperatures were similar in both segments and exceeded 30 C in summer
months. During most of the survey mean surface dissolved oxygen and
temperatures were similar in both segments. Salinities varied widely both
spatially and temporally during the study period, reaching peak levels in August
1988 during a drought period, and dropping to fresh water conditions during
heavy flooding in June and July 1989. In general mean salinities were lower in
Segment 1007 than Segment 1006.

A total of 33,042 organisms representing 84 taxa were collected during August
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1988 through July 1989. A total of 19,707 organisms composed of 65 taxa were
collected from the revolving screens. Catch rates from seines and gillnets were
13,055 organisms representing 48 taxa and 280 organisms representing 16 taxa,
respectively. Total catch rates and number of taxa collected from all sampling
gear were generally greater in Segment 1006 (76 taxa) than in 1007 (59 taxa).

Mean catch per unit effort (CPUE), mean number of taxa, and cumulative
number of taxa in revolving screen samples were highest in Segment 1007 during
the cooler months (November 1988 - March of 1989; Fig 3). The highest values of
these parameters were observed in February, when water temperatures in
Segment 1007 were at their lowest and bottom dissolved oxygen levels were at their
peak. Lowest values were obtained in the summer months of 1989, when
dissolved oxygen and salinity levels were at their minimum. In contrast, mean
CPUE and mean number of taxa in Segment 1006 were highest in the summer
and early fall when mean bottom temperatures and mean dissolved oxygen levels
were at their highest and lowest respectively. Cumulative number of taxa were
also highest in Segment 1006 during the winter months when estuarine
organisms seek out the deeper and warmer waters of the channel.

Seine and gillnet catches in both segments varied greatly throughout the study
(Fig. 3). Seasonal surface water temperatures had the greatest hydrological
influence on catches in both segments. In Segment 1006, mean CPUE, mean
number of taxa and cumulative number of taxa were highest in the summer and
fall months and lowest in the winter. In contrast, lowest gillnet CPUE and
number of taxa were observed during the summer months in Segment 1007.
Seine catches in Segment 1007 exhibited seasonal trends similar to 1006.

Revolving screen and gillnet catches in Segment 1007 were dominated by blue
crab, Callinectes sapidus (Table 1.). In contrast, adult and juvenile resident
species offish such as sheepshead minnow, Cyrinodon variegatus, sailfin molly,
Poecilia latipinna, and Gulf killifish, Fundulus grandis, generally dominated
seine catches in Segment 1007 (Table 2). Revolving screen and seine catches in
Segment 1006 were composed primarily of bay anchovy, Anchoa mitchilli. Gillnet
collections in Segment 1006 were comprised mainly of blue crab (Table 3). Overall
trends in dominance by various taxa were strongly influenced by seasonal
utilization of these areas by juvenile organisms (Tables 1,2, and 3).

Discussion

Segments 1006 and 1007 of the HSC currently possess no "aquatic life use
designation," and an increased utilization of these areas by nekton communities
may have implications on the future aquatic life use designation of these
segments. Results of this survey document the extensive use of the upper portions
of the HSC by a variety of organisms, and establish this area as important habitat
for juvenile fish and macroinvertebrates. Segment 1006 maintains a healthy and
viable population of nekton year-round. During the winter months, richness and
abundance of organisms in Segment 1007 equals or exceeds that of Segment 1006.
In the summer months during periods of low dissolved oxygen, Segment 1007
maintains a viable shoreline assemblage of organisms.
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Figure 2. Mean surface and bottom dissolved oxygen, temperature, and salinity in segments 1006
and 1007.



Figure 3. Mean catch per unit effort and cumulative number of taxa collected by revolving
screens, seines, and gillnets in segments 1006 and 1007.



Table 1. Monthly percent catch of dominant species collected by revolving screens in segments
1006 and 1007.

SEGMENT 1006

COMMON NAME
brown shrimp
white shrimp
Sergestid shrimp
grass shrimp
blue crab
gulf menhaden
bay anchovy
hardhead catfish
gulf killifish
silver perch
sand seatrout
Atlantic croaker
Other species
' No. species < 5%

SEGMENT 1007

COMMON NAME
brown shrimp
white shrimp
seabob
Sergestid shrimp
blue crab
gulf menhaden
bay anchovy
sheepshead minnow
sand seatrout
Atlantic croaker
star drum
Other species
* No. species < 5%

SPECIES
Penaeus aztecus
Penaeus setiferus
Acetes americanus
Palaemonetes pugio
Callinectes sapidus
Brevoortia patronus
Anchoa mitchilli
Arius fells
Fundulus Grandis
Bairdiella chrvsoura
Cvnoscion arenarius
Micropoqonias undulatus
n=45

of total

SPECIES
Penaeus aztecus
Penaeus seliferus
Xiphopenaeus kroveri
Acetes americanus
Callinectes sapidus

Anchoa mitchilli
Cvprinodon varieqatus
Cynoscion arenanus

i ropoqonias undu a us

n=35
of total

8-88

6.4

66.2

11.9

15.5
n=18

8-88

24

67.2

5.6

3.2

n=3

9-88

5.2
11.3

72.7

10.8
n=18

9-88

27

60.4

12.6
n=7

10-88

48

39.6

12.4
n=21

10-88

6.5

29.1
19.4

15.7
9.7

n=5

11-88

52.4

25.7

21.9
n=17

11-88
5.8

11.3

15
19.6

29.6

18.7
n=14

12-88

28.3

9
36.7

5,3

20.7
n=19

12-88

12.9

8.7
14.4
37.8

6.3

19.9
n=15

DATE

1-89

18.9
7.9

5.2
23.1
23.4

5.5
16

n=19

1-89

30.3
5.3

12
7.1
25

12

8.3

n=15

2-89

13.5

10.9
12.4

21
6.4

23.6
12.2
n=15

2-89

11.4

9.4
25.2

42.8

11.2
n=18

3-89

8.4

6.5
28.4

9.8

36.7
10.2

3-89

8.6

6.2
7.1

28.9

41.2

8
n=13

4-89 5-89
30.7

6.5

.... 20,8

14.9 16.6
8.7

50 "'*"
10 23.2

n=11 n=16

4-89 5-89
8.9
6.8 12.5

26 83.3

16.7 ••"

8.3 4.2
n=7 n=1

6-89 7-89

""• 8.8

43.5 78.1

41.1 **"

15.4 13.1
n=16 n=19

6-89 7-89

.... ....

84.9 96.8

15.1 3.2
n=7 n=4

* Species which comprise less than 5 % of total are not listed.

Table 2. Monthly percent catch of dominant species collected by seine in segments 1006 and 1007.

SEGMENT 1006

COMMON NAME
brown shrimp
white shrimp
grass shrimp
blue crab
gulf menhaden
threadfin shad
bay anchovy
sheepshead minnow
gulf killifish
longnose killifish
inland silverside
spot
Atlantic croaker
striped mullet
white mullet
Other species
* No. species < 5% of

SEGMENT 1007

COMMON NAME
white shrimp
grass shrimp
blue crab
threadfin shad
bay anchovy
sheepshead minnow
gulf killifish
sailfin molly
inland silverside

SPECIES
Penaeus aztecus

Callinectes sapidus
Brevoortia patronus
Dorosoma petenese
Anchoa mitchilli
CvDhnodon varieqalus

Fundulus similis

Leiostomus xanthurus

Muqil cephalus
Mugil curema
n=30

total

SPECIES
Penaeus seliferus

Callinectes sapidus
Dorosoma petenese
Anchoa milchilli
Cvprinodon varieqatus
Fundulus qrandis
Poecilia latipinna
Menidia bervllina

Other species n=18
* No. species < 5% of total

8-88

10.4

....

....

40.5

30.1
13.3
5.7

n=5

8-88

13.4

5.5
79.2

1.9
n=2

9-88
8

47.6
6.5
5.5

12.5

7.2

....

12.7
n=16

9-88
15.5

10

5.1
21.6
23.8
10.2

13.8
n=10

10-88
12.9
61.3

5.8

....

7.1

....

12.9
n=13

10-88

39
13.9
33.9
10.7

2.5
n=6

11-88

7 3

61.4

19.3

12
n=8

11-88

22.6
27.8

9.8
34.9

4.9
n=5

12-88

27

12

19.7
5.4

22

7.7

6.2
n=6

12-88

30.4
40.2
19.5

9.9
n=9

DATE

1-89

23.6
5.5

16.4

....

5.5
7.3
5 5

5.5
23.6

7.1
n=3

1-89

35.8
5.5

28.3
24.4

6
n=4

2-89

57.4

....

9.3
18.5

14.8
n=5

2-89

75.2
6.5
8.6
8.6
1.1

n=5

3-89

28.6

56.1

6.1

9.2
n=5

3-89

73.7

5.1
10.6
10.6

n=5

4-89

6.1
5.2
30

21.6

25.5

....

11.6
n=7

4-89

41.5
25.4
20.1
5.2
7.8

n=5

5-89

52.6

15.3

5.1

16.1

10.9
n=5

5-89

5.7

24,6
48

14.3
7.4

n=6

6-89 7-89

33.5 11.5
9.4
6.5 ""

33 "*•
5.1

71.2
12.5 17.3

n=!6 n=14

6-89 7-89

50.5

10 52.2
15.3 7.5
15.3 13.6

8.9 11.1
n=9 n=10

' Species which comprise less than 5 % of total are not listed.
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Table 3. Monthly percent catch of dominant species collected bygillnet in segments 1006 and 1007.

SEGMENT 1006

COMMON NAME
blue crab
ladyfish
skipjack herring
gulf menhaden
gizzard shad
hardhead catfish
blue catfish
spot
striped mullet
white mullet
Southern flounder
Other species
* No. species < 5%

SEGMENT 1007

COMMON NAME

SPECIES
Callinectes sapidus
Elops saurus
Alosa chrvsochloris
Brevoorlia patronus
Dorosoma cepedianum
Arius fells
Ictalurus furcatus
Leiostomus xanthurus
Muqil cephalus
Mugil curema
Paralichthvs lethostigma
n=3

of total

SPECIES

8-88

29.7

13.5
....

....

....

10.8
....

5.4
18.9

13.5
....

8.2
n=3

8-88

DATE

9-88 10-88 11-88 12-88 1-89

16.7 *•"
.... ....

.... ....

«... ....

16.7 * * * *
33.3 * * * *

.... ....

16.7 • •**
16.7 100

.... ....

.... ....

0 0

9-88 10-88 11-88 12-88 1-89

2-89 3-89
....

....

27.3
....

27.3
....

....

18.2

18.2
....

9,1
0

2-89 3-89

4-89 5-89 6-89

58.6
....

....

....

...»

6.9
....

....

31
....

....

3.5
n=1

4-89 5-89 6-89

7-89

9.7
9.7
6.5
6.5

....

32.3

9.7
....

19.4
....

....

6.2
n=2

7-89

blue crab
ladyfish
skipjack herring
gulf menhaden
gizzard shad
blue catfish
gulf killifish
spot
striped mullet
Other species

Callinectes sapidus
Elops saurus
Alosa chrysochloris
Brevoortia patronus
Dorosoma cepedianum
Ictalurus furcatus
Fundulus grandis
Leiostomus xanthurus
Mugil cephalus
n=3

* No. species < 5% of total

27.3

9.1
....

....

....

....

50
....

9.1
4.6

n=1

26.5
....

....

11.8

17.7
* ...

5.9
«...

35.3
2.9

n=1

12.9
....

25.8
....

12.9
....

....

22.6

22.6

3.2
n=1

80 76.9
....

....

....

45.8
....

....

.. ....

.. ...»

»» ...»

* * . ....

7.7
....

12.5 ** ****
29.2 14.3 15.4

12.5 5.7 0
n=3 n=2

* Species which comprise less than 5 % of total are not listed.
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Water Quality and Ambient Toxicity Investigation of the
Houston Ship Channel and Tidal San Jacinto River

Philip A. Crocker
Region 6, U. S. Environmental Protection Agency

From 1988 to 1990 EPA Region 6, in conjunction with the Texas Water
Commission (TWO, conducted a water quality and ambient toxicity investigation
of the Houston Ship Channel (HSC) and San Jacinto River. The primary purpose
was to determine if there were toxic conditions in the HSC (Texas Water Quality
segments 1006 and 1007), tidal portions of the San Jacinto River (segments 1001
and 1005) as well as three tidal tributaries (Bray's, Green's and Sim's Bayous).
This information was gathered to better define water quality management needs
for these waters, particularly with regard to toxicants control of point source
discharges.

The primary objective was to collect and analyze ambient water for priority
pollutants, and to test ambient water for toxicity using short-term chronic marine
testing protocols. These protocols incorporated the following test organisms:
mysid shrimp (Mysidopsis bahia), inland silverside (Menidia beryllina),
sheepshead minnow (Cyprinodon variegatus), sea urchin (Arbacia punctulata),
and red alga (Champia parvula). Chemical analyses of bottom sediments and
fish tissue, and toxicity testing of sediments were also conducted on a more
limited scale.

Five surveys were completed August, 1988, January, 1989, February, 1990, May,
1990, and July/August, 1990. Sampling of the three tributaries took place in
September, 1989. The study was initiated using a core sampling network of nine
stations (Fig. 1), including two stations in segments 1001 (#3, 4) and 1006 (#1, 2),
four stations in Segment 1005 (#5-8) and a reference station in Trinity Bay at
Umbrella Point (#9, Segment 2422). This network was expanded in February,
1990 to include stations in the Ship Channel Turning Basin (#10) and Sim's Bayou
(#11), both in Segment 1007, and Greens Bayou (#12, Segment 1006).

The ambient toxicity results showed no significant chronic toxicity effects to the
sea urchin and sheepshead minnow. Significant growth effects were found for
the inland silverside for stations 1-8 in January 1989 when compared to the
reference site. These differences may have been due to exceptional growth for
fish exposed to reference site water rather than toxic effects of test water. On one
other occasion (Station 9, July 1990) growth was significantly lower in test water
than the control.

Toxicity was most pronounced in the algal and mysid shrimp tests, with
significant effects found at least once (except for the alga at Station 5) out of four or
five sampling events. The most impacted stations, where toxicity was found on
three sampling events, include stations 1 and 2 for the algal test, and stations 11
and 12 for the mysid test. Significant toxicity to the alga was found for each of the
four sampling events at Station 6 (downstream of Lynchburg Ferry). This
recurring pattern of ambient toxicity indicates that water quality is variable and
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SAM JACINTO RIVER:
SEGMENT 1005

GALVESTON BAY

Figure 1. Location of sampling stations.

that the potential exists for impairment of the aquatic life use designated for
segments 1001 and 1005. Continued routine or periodic ambient toxicity
monitoring at fixed stations would be useful to assess the effectiveness of point
and/or nonpoint source toxicants controls.

Dissolved oxygen data indicate that DO may be more limiting to aquatic life than
toxic chemicals. Water quality standards were not achieved in Segment 1005
during warm weather conditions. DO water quality standards for this segment
are 4.0 mg/1 average and 3.0 mg/1 minimum. Segments 1006 and 1007,
particularly smaller tributaries, had pronounced hypoxia during warm weather
conditions. However, the DO water quality standards of 2.0 mg/1 average and 1.5
mg/1 minimum for Segment 1006 and 1.0 mg/1 average and minimum for
Segment 1007 were not intended to promote a viable fishery in these segments.

Chemical-specific criteria exceedances were found for ammonia, arsenic, copper,
cyanide, lead, manganese, nickel, selenium, and total residual chlorine.
However, many of the metals criteria exceedances are not entirely applicable in
segments 1006 and 1007 due to the lack of a designated aquatic life use. Nickel
water quality standards esceedance in Segment 1005 were of concern, and
resulted in listing this segment under the Section 304(1)(B) of the Clean Water Act
("short list of toxic waters"). Several organic priority pollutant compounds were
detected at low concentrations including phthalate compounds, alpha BHC,
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gamma BHC, and several volatile organic compounds. Chloroform was
frequently detected in the 1-15 ug/1 range, particularly at stations 1, 2, 10, 11 and
12.

HSC bottom sediments were relatively nontoxic to the amphipod (Ampelisca
abdita) and sheepshead minnow (elutriate procedure), with the exception of
stations 1, 6 and 11. EPA priority pollutants were not detected in sediments
collected from the HSC. However, several polynuclear aromatic hydrocarbons, a
phthalate, and pesticides were detected in tributary sediments (stations 11 and
12). The metals in highest concentration included aluminum, iron, manganese
and zinc. Other metals found at lower concentrations include arsenic, barium,
chromium, cobalt, copper, lead, mercury, nickel and vanadium.

A variety of metals and organic priority pollutants were detected in edible fish and
crab tissue. Most of these concentrations were well below levels of concern,
although in some samples antimony, arsenic, and lead appeared slightly elevated
compared to levels of concern used by the EPA. In a separate investigation 2,3,7,8-
tetrachlorodibenzo-p-dioxin was also detected in edible fish and crab tissue.
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Industrial Point Source Discharges Into the Houston Ship Channel

Paula Thetford McCormick
Galveston Bay Foundation

Note: This study was funded by the Galveston Bay Foundation. The results
presented is this paper are preliminary pending final approval and publication.

The Houston Ship Channel (HSC) is a 51-mile-long dredged navigation channel
extending from Bolivar Roads at the Gulf of Mexico across 25 miles of Galveston
Bay, and inland to the Turning Basin near downtown Houston. The inland
portion of the HSC, from Morgan's Point to the Turning Basin, follows the San
Jacinto River for ten miles and then Buffalo Bayou for 16 miles. Along this inland
portion are located numerous industries which utilize the channel for wastewater
discharge, cooling water, and transportation of raw materials and/or products.
The quality of water in the HSC is greatly affected by numerous point source
discharges (TWC 1990) which include toxic compounds. The objectives of this
project were to: 1) clarify what is meant by "toxic" or "hazardous" chemicals and
substances; 2) compile and compare data available through regulatory agencies;
and 3) determine what areas of the HSC are the most heavily impacted by point-
source discharges.

The term "toxic" has both biological as well as legal definitions. Biologically, the
toxicity of a substance is determined by exposure or dosage, concentration, and
the quality of the organism's environment. This is known as the "dose-effect
relationship." The difficulty in evaluating the impact of various chemicals
introduced into the environment lies in the complexity of the interactions
involving the dose-effect relationship and environmental variables such as
turbidity, pH, oxygen availability, etc. The many variables, some of which are in a
constant state of fluctuation, make it difficult to make a definitive statement of the
actual biological risks associated with chemical compounds in the environment.

When environmental laws were written, legal definitions of "toxic" and
"hazardous" were established, and lists of legally defined toxic or hazardous
substances were created. In the Texas Administrative Code ("TAG"), Sections
307.1 - 307.10 (the Texas Water Quality Standards), toxicity is defined as "the
occurrence of lethal or sublethal adverse effects on representative, sensitive
organisms due to exposure to toxic materials." The TAG lists 30 toxic substances
with acute and chronic criteria for marine and fresh waters. At the federal level,
the EPA has listed the toxic pollutants defined in the Clean Water Act. This list is
now known as the "priority pollutants" list, consisting of 126 chemicals (Wise, et.
a/., 1981). The Clean Water Act Section 502 (13) defines a toxic pollutant.

The Comprehensive Environmental Response, Compensation, and Liability Act of
1980 ("CERCLA") and the 1986 Superfund Amendment and Reauthorization Act
("SARA") regulate hazardous substances, which are defined in CERCLA Section
101 (14). SARA was enacted in part for the purpose of informing the public and
government officials about releases of designated chemicals into the environment.
Title III of this Act is entitled "Emergency Planning and Community Right-to-
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Know." Under Section 313 of Title III, certain industries are required to report,
on an annual basis, the amounts of chemicals their facilities release into the
environment, either routinely or as a result of accidents. The resulting SARA
data base is referred to as the Toxic Chemicals Release Inventory, or "TRI."

The Resource Conservation and Recovery Act (RCRA) regulates the transport,
storage, and disposal of hazardous waste. A waste is legally defined as
hazardous if it meets certain characteristics (ignitability, corrosivity, reactivity,
TCLP toxicity), or if it is listed as a waste from certain specific and non-specific
sources.

Study Area and Methods

TWC stream Segments 1005, 1006, and 1007 of the HSC were utilized for this study.
These three stream segments encompass the inland portion of the HSC from the
Turning Basin, located approximately five miles downstream from US 59, to
Morgan's Point in Galveston Bay.

Two 1988 data sets on point source discharges in the study area were compiled
and compared. These data originated from self-monitoring and self-reporting by
industry for compliance with: 1) SARA Title III Section 313 (TRI), and 2) the
Texas Administrative Code, reported to TWC.

The TRI data were reported by industries as estimates of pounds per year (Ibs/yr)
calculated using mass balance equations or acceptable engineering estimations.
The inclusion of readily available monitoring data was optional for these
reporting industries. For this study, TRI data were supplemented with TWC self-
reported data for those EPA designated major dischargers, and two EPA
designated minor dischargers, that were not required to report to the TRI system.

The TWC self-reported data were submitted monthly by industries as milligrams
per liter (mg/1) or pounds per day (Ibs/day), on a daily average or daily maximum
basis. Daily average concentrations were calculated by the discharging industry
using effluent monitoring data. For this study a formula was used to convert
mg/1 to Ibs/yr, to make data comparisons possible.

Certain industrial dischargers to the ship channel are not required to report to
the TRI system. These are facilities that handle either industrial hazardous
waste and/or industrial wastewater, or store industrial waste or hazardous
products in bulk tank storage areas, but are not manufacturing facilities.
Therefore their permitted discharges to the ship channel are regulated by the
Clean Water Act and the Texas Administrative Code, but not by Section 313. The
discharges of three commercial handlers of industrial wastewater and one
Publicly Operated Treatment Works ("POTW") as reported to TWC were included
in total loading estimates made for this study.

To determine the consistency of these data systems, TWC and TRI loading
estimates for 1988 were compared for parameters reported to each system. To
determine total loading from discharges in the study area, reported loadings were
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summed by stream segment for each parameter. In cases where an industry
reported different values of a particular parameter to the two data systems, the
higher number was used in tabulating these total loading estimates. All
numbers were rounded to the nearest whole number.

Results and Discussion

A total of 97 industrial dischargers in the study area were permitted by the TWC.
Twenty-nine of these industries reported to TRI discharges of 68 of 320 toxic
substances listed in Section 313. Segment 1005, extending from Morgan's Point to
the San Jacinto River (12 miles long), received an estimated 45,507 Ibs/year of toxic
substances (legally defined). Segment 1006, from the San Jacinto River to Green's
Bayou (six miles long), receives 607,968 Ibs/year. Segment 1007, from Green's
Bayou to the Turning Basin (14 miles long), receives 181,428 Ibs/year, for a total
loading to these three segments in 1988 of 834,903 Ibs/year. The shortest segment,
1006, receives the greatest amount of toxic substances discharged from the
reporting industries.

When comparing the TRI data base with the TWC self-reporting data base, in
many instances the figures reported to each data base for the discharge of
particular substances were not the same, with loading differences sometimes in
the hundreds, or even thousands of pounds. However, these comparisons may be
influenced in some cases by limitations on the two data systems, below.

SARA TRI data:

1. are only required for certain types and sizes of facilities;

2. are only required for facilities that meet certain thresholds for
source and quantity of toxic substances;

3. are based primarily on engineering estimates;

4. include stormwater runoff as well as process wastewater; and

5. are limited in cross-checking by the number of available SARA
inspectors in EPA Region 6.

TWC data, on the other hand:

1. are derived from effluent monitoring, with standard procedures,
sampling frequency, type, and locations specified by the permit;

2. are strictly self-reported;

3. are required solely on permitted parameters; and

4. are somewhat limited in cross-checking by the number of
available TWC inspectors.
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For some parameters, for example metals, the figure reported to TRI was for
compounds of those metals, whereas the figure reported to TWC was specifically
the elemental form. However, in other cases, there is no obvious explanation for
the differences in the amounts reported.

Toxicity varies greatly among the discharged compounds reported. In fact,
though highly toxic to aquatic life, the ammonia, ammonium sulfates,
hydrochloric acid, sulfuric acid and phosphoric acid reportedly discharged are
substantially neutralized within a short distance from the point of discharge.
Elimination of these five classes of compounds from consideration focuses
attention on the more damaging components. The 1988 totals of toxic substances
discharged into the ship channel, minus the above substances, for Segments 1005,
1006, and 1007 are 32,607, 84,165, and 152,693 Ibs/year, respectively.

Conclusions

It is difficult, if not impossible, to accurately determine the toxic loading from
point source discharges to the HSC under the current regulatory framework.
There is a lack of consistency in the data available from different agencies. For
example, in 1988, one industry reported a zero discharge of benzene to TWC, but
reported the discharge of 250 Ibs of benzene to TRI. Some inconsistencies may
have resulted from differences in the reporting systems, but the data presented in
this report can be considered conservative regarding the estimates of total
loading.

Of the total number of industrial dischargers into the Houston Ship Channel, less
than one-third (1/3) reported the release of toxic substances to TRI under SARA
Title III Section 313. The remainder of the industries either are not required to
report, or are in violation of the SARA regulations.

The degree of toxicity and the fate of the various toxic substances in the aquatic
environment are not addressed in the current regulatory framework.
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Survey of Floatable Debris in the Houston Ship Channel

Laura J. Radde
Region 6, U. S. Environmental Protection Agency

and
David Redford

U. S. Environmental Protection Agency, Washington, D.C.
and

Wayne Trulli
Battelle Ocean Sciences

The Environmental Protection Agency (EPA), with assistance from the Texas
Water Commission (TWO, conducted two surveys of floating debris in the
Houston Ship Channel (HSC) in 1990. The surveys were done as part of a national
program designed to characterize floating debris in harbors throughout the
United States in order to better understand the marine and land-based sources of
debris in the marine environment.

While the particular sources of marine debris are hard to define, its effects are
more evident. Marine debris is not only an aesthetic problem, but also a threat to
wildlife, human health and safety, and our economy. In Texas alone, volunteers
picked up over 230 tons of plastic, glass, paper, rubber, and cloth items from Gulf
of Mexico beaches in a three-hour period. This amounts to over a ton of trash per
mile.

EPA sampled by boat for debris in the HSC from Alexander Island to past Turkey
Bend for three days in February and two days in September of 1990. Samples were
collected using a 0.5 x 1 x 4 m neuston net with a 0.3 mm mesh size. In the
laboratory , debris were separated by type, counted, and their amounts recorded.

During both sampling efforts there was a large amount of debris in the upper
reaches of the HSC, especially in Buffalo Bayou. There was little sewage-related
waste collected, and most of the debris was indicative of storm water discharges.
Although the water level was not particularly high at the time, debris in the trees
indicated water height may rise 20 ft. due to storm events.

Debris consisted of plastic resin pellets, plastic pieces and bags, styrofoam cups
and fast-food containers, toys, bottles, jugs, and general street litter. The plastic
pellets were found to be more abundant in Houston than in any other harbor
surveyed in the United States. One sample contained over 200,000 of the tiny
pellets.

Over 60 species of birds are known to ingest plastic pellets, which can cause
starvation and malnutrition in some cases. Plastic bags have been mistaken for
food by sea turtles, causing starvation or blockage of the digestive tract. Other
types of debris found in the Ship Channel have been known to cause entanglement
of wildlife, divers and boat propellers, and blockage of boat cooling-water intake
systems. The economy is also adversely affected by costly cleanup efforts and
declines in tourism due to marine debris.
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Harmful debris inevitably makes its way into Galveston Bay via the HSC. Public
awareness of the effects of marine debris and better control over debris entering
the bay through stormwater runoff could mean a positive change for Galveston
Bay through increased living resources, safer recreation and a healthier
economy.
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Dissolved and Particulate Trace Metals
in the Galveston Bay Water Column

G. Benoit, M. Hood, S. Oktay, C. Coleman, A. Cantu, and P. Santschi
Texas A&M University at Galveston

Heavy metals are among the most toxic, ubiquitous, and persistent contaminants
in estuarine habitats. Metals that are dissolved or suspended in the water
column can degrade water quality and can become available to floating and
swimming organisms and bottom-dwelling filter feeders. Also, although the
majority of environmental metals reside in bottom sediments, the principal
transport pathway is in the water column. Unfortunately, almost nothing is
known about the physical and chemical pathways of these toxicants in the aquatic
environment. Worse still, for Texas estuaries there has been no reliable data on
even the concentration of trace metals. This abstract describes what we believe to
be the first reliable, systematic measurements of trace metals in the water
column of Galveston Bay.

Trace metals (zinc, lead, copper, and silver) were measured in water samples
collected from throughout Galveston Bay in summer and fall, 1989. Metals were
differentiated between operationally defined dissolved and particulate forms,
depending on whether or not they passed through 0.4 um filters. Parallel
measurements were made of salinity, alkalinity, dissolved organic carbon (DOC),
nutrients (P and N species), and suspended particulate matter (SPM). Ultraclean
techniques were used during all stages of sample collection, transport, handling,
processing, and analysis. Metals were pre-concentrated on columns of silica-
immobilized 8-hydroxyquinoline, eluted with acid, and analyzed by graphite
furnace atomic absorption spectrophotometry. Our method extensively uses
blanks, controls, and certified reference seawaters. The extreme care and high
sensitivity of our method make these the first reliable and accurate
measurements of trace metals in Galveston Bay waters. Our measured metal
concentrations are typically 100 to 1000 times lower than previous measurements.

Samples were collected over salinities ranging from 0.1 to 27.4 %o, and
particulate matter levels from 2.4 to 48.4 mg/1. Particulate matter did not show a
consistent trend with salinity on the two sampling dates. In August, there was a
mid-salinity SPM maximum, while in October, there was an SPM minimum at
intermediate salinities. The differences at a given location probably reflect
different levels of wind-driven mixing and turbulence, and consequent variable
sediment entrainment in the water column of this shallow estuary.

DOC levels in the fresh water samples on the two dates were 5.5 ± 1.4 and 5.3 ± 0.2
mg/1, while in the Gulf of Mexico samples it was 0.1 + 0.3 and 0.29 ± 0.14 mg/1.
DOC showed very consistent behavior on the two dates, decreasing non-
conservatively across salinity in both cases. There is clearly a sink for DOC
within Galveston Bay, and this is consistent with previously observed removal of
DOC via flocculation with increasing ionic strength. Alkalinity was nearly
constant at about 2 meq/1 across all salinities in this estuary.
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In general, trace metals concentrations were only slightly higher than open
ocean values, and are similar to measurements from other estuaries, conducted
by careful analysts. Average metal concentrations and standard deviations age
given in Table 1.

Table 1. Mean and standard deviations for trace metal concentrations.

Dissolved Particulate
(<0.4 um) (>0.4 um)

Zinc(ppb) 1.68 ±1.14 1.04 ±0.66
Lead(ppb) 0.071±_.029 0.209 ±.150
Copper (ppb) 0.86 ±0.33 0.15 ±0.10
Silver (ppt) 3.2 ±2.7 2.8 ±1.5

Dissolved metals did not show systematic variations with salinity, while
particulate metals showed trends that were broadly similar to suspended
particulate matter.

Galveston Bay is very shallow, so SPM levels, and their trace metal burdens,
should be dominated by resuspension and settling of bottom sediments. Because
of this close coupling, it seems likely that particulate metals in the water column
will reflect levels in surficial bottom sediments. As expected, the concentrations
of metals on suspended particles (calculated per mass of SPM) vary over a range
that brackets the average values in surface sediments. We have also observed that
particulate metal concentrations (per mass of SPM) decrease with increasing
SPM levels. This is because low levels of SPM are composed mainly of fine
sediments, which preferentially bind trace metals.

Dissolved trace metals do not show a simple pattern relative to salinity or SPM
concentration. Based on our research using naturally occurring radionuclides,
we believe that trace metals are scavenged and released very rapidly in Galveston
Bay waters. This means that dissolved trace metal levels are the result of rapid
adsorption to and desorption from SPM, which in turn is derived by resuspension
of bottom sediments. Thus dissolved trace metal levels are controlled mainly by
the coupling of two processes: 1) resuspension of bottom sediments to yield
particulate metals; and 2) steady-state or equilibrium partitioning of metals
between solid and liquid phases. As a result, dissolved trace metal levels should
depend both on the quantity of suspended particles, and on its partitioning
characteristics. Further research is needed to elucidate the details of this
relationship.
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Important Factors and Parameters in Monitoring
Organic Pollution in Galveston Bay

C. S. Giam
Texas A&M University at Galveston

The Galveston Bay system is of extreme importance to many industries in Texas
including fisheries, chemical industries, and tourism/recreational activities. For
example, more than half of the nation's petrochemical industries contribute to the
economy of the areas surrounding the Bay. Some of the users of the bay have
conflicting requirements. While it is a vital nursery ground for the shell and fin
fish industries, it may also be polluted by the chemical users. Thus, a well-
managed bay by all users is a desirable aim. Pollution of Galveston Bay, whether
accidentally or by negligent acts, can result in adverse or even fatal consequences
to components of the ecosystem. Management of pollution in Galveston Bay (and
knowledge of other nearshore waters) requires detailed and reliable information.
This includes sources of pollution, distribution or circulation of pollutants,
understanding of mechanisms of sinks and fates of the pollutants, concentrations
of pollutants present in the water, and pollutant biological effects.

Anthropogenic organic pollutants, i.e., organic compounds introduced into the
estuary by industry or other man-related activities (e.g., industrial discharges
and chemical spills) are important sources of aquatic pollution. However, readily
available published referenced reports on levels of organic pollutants and their
toxic effects on aquatic life in Galveston Bay are extremely scarce. Thus, recently
(1989) the Galveston Bay National Estuary Program funded creation of a
Galveston Bay Bibliography and reference collection, to be accomplished by the
Galveston Bay Information Center. When available, reports on pollutants are
often not comparable and they may reflect different periods, sites, sampling
methodologies and precautions, analytical protocols, and sampling matrices.
For example, a literature survey on distribution of organics and physiological
effects in Galveston Bay accessed only 24 publications for the period 1900-1989. Of
these publications, 18 had data on man-made organics in Galveston Bay but they
are not sufficient to predict present or future trends. A systematic history of
pollution by organics in Galveston Bay is not available.

Where available, there are generally four types of organic analyses of
environmental samples. The first includes biological oxygen demand (BOD),
chemical oxygen demand (COD), and oil and grease determinations. These tests
are commonly used by state and other regulatory agencies. Use of data from these
studies for monitoring pollution in the bay are very limited at best due to the large
number of factors that influence these determinations.

The second category is hydrocarbon analysis, including polycyclic aromatic
hydrocarbons. This type of analysis may provide information on total or
individual hydrocarbon concentrations. Data on individual hydrocarbons is
useful, but limited to monitoring of oil pollution rather than other industrial
organic discharges. Recent levels of compounds in category two detected in
Galveston Bay sediment samples were at part per billion (ppb) levels and included
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benzo(a)pyrene, anthracene, phenanthrene, chrysene, pyrene, and naphthalene
(Giam, 1990; Landry, et al., 1989; Murry, et al., 1981). Benzo(a)pyrene (at ppb
levels) has also been detected in flounder and blue crab (Murray et al., 1981).

Thirdly, levels of "insecticides" may be determined. Sources of these compounds
include agriculture and "home usage." Compounds in category three detected in
Galveston Bay sediment (at ppb levels) and water (at part per trillion [ppt] levels)
include lindane, DDT, and dieldrin (Ray et al, 1983).

The fourth category is man-associated or anthropogenic organic compounds.
Compounds in category four detected in Galveston Bay sediment (at ppb levels),
water (at ppt levels) and biota (at ppb levels) include phthalates, polychlorinated
biphenyls, hexachlorobenzene and pentachlorophenol (Giam, 1990; Landry, et al.,
1989; Murry, et al., 1981). Many compounds in categories three and four are toxic
to bay inhabitants and as such their concentrations should be monitored closely.
(Because of the absence of intercalibrations among other analysts for pollutants,
only our measurements are discussed in this paper. Our laboratory has
successfully participated in national and international intercalibration
exercises.)

Good measurements of organic pollutants in the marine environment are
demanding; they require special samplers (Atlas and Giam, 1986; Giam and
Chan, 1976), pre-cleaned and appropriate sample containers (Atlas and Giam,
1986; Giam and Chan, 1976), sensitive and specific analytical procedures (Giam,
1990; Landry, et al, 1989; Murry, et al, 1981; Atlas et al, 1981; and Giam et al,
1978), and critical evaluation of data (Giam, 1990; Landry, et al, 1989; Murry, et
al, 1981; Atlas et al, 1981; and Giam et al, 1978). Thus, it is critical that the
samplers and sampling containers be of materials that will not contaminate the
samples, e.g., plastic bags, containers, tubing, shovels, etc. are not acceptable
(Atlas and Giam, 1986; Giam and Chan, 1976). Highly sensitive analytical
techniques are available for the measurement of very low levels (ppt) of complex
pollutants in different sample matrices (Giam, 1990; Landry, et al, 1989; Murry,
et al, 1981; Atlas et al, 1981; and Giam et al, 1978); they are required for
estimating annual fluxes of pollutants in the marine environment. However, not
many laboratories have such experience in the measurement of ubiquitous man-
made organics.

We acknowledge the contribution of the many colleagues that provided the
information given in this paper, including E. L. Atlas, J. M. Brooks, H. Hayatsu,
T. L. Holliday, T. Itoh, M. D. Kennicutt, S. Kira, R. Li, H. E. Murray, G. S. Neff,
L. E. Ray, F. Y. Saleh, T. L. Wade, Y. Zheng, and co-authors in the Literature
Cited.
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Toxic Contamination of Aquatic Organisms in Galveston Bay

James M. Brooks, Terry L. Wade, Bobby J. Presley, Jose L. Sericano, Thomas J.
McDonald, Thomas J. Jackson, Dan L. Wilkinson and Tamara F. Davis

Geochemical and Environmental Research Group, Texas A&M University

Little information regarding historical trends and concentrations of heavy
metals, hydrocarbons, pesticides and PCBs in aquatic organisms in Galveston
Bay has been available to guide decision makers and regulators. Each year
millions of pounds of fish and shellfish are caught by commercial and sport
fishermen in Galveston Bay and consumed as nutritional seafood. However, little
or no testing of edible tissues for toxic contamination by heavy metals,
hydrocarbons, pesticides and PCBs has been conducted to assure public health
and safety. For this reason, the Galveston Bay National Estuary Program
(GBNEP), funded by the U.S. Environmental Protection Agency (EPA) and the
State of Texas, undertook this study to characterize contamination in selected
aquatic organisms in Galveston Bay.

The sampling design called for the analysis of trace contaminants in five species
from four sites in Galveston Bay. Five species of marine organisms were targeted
for collection and analyzed as follows: two macroinvertebrates, Crassostrea
virginica, the oyster, and Callinectes sapidus, the blue crab; and three vertebrate
marine fishes, Cynoscion nebulosus, the spotted sea trout, Pogonias cromis, the
black drum, and Paralichthys lethostigma, the southern flounder. The goal of the
program was to collect ten specimens of each target organism of legal market size
from each collection site. Standard fisheries data were recorded for all
collections. The collection sites for these target species (Fig. 1) were Morgan's
Point, at the mouth of the Galveston Ship Channel, Eagle Point off San Leon,
Carancahua Reef in West Bay, and Hanna Reef in East Bay.

Four samplings of aquatic organisms have been undertaken for the GBNEP. The
first sampling May 23-25 collected oyster and crab samples; however, trawling for
fish was not very successful as a result of low salinity water due to Trinity River
flooding. A second sampling was undertaken June 6-8 that involved gill netting
at the four sites. This sampling had some success in collecting black drum, sea
catfish (Arius felis\ spotted sea trout and southern flounder from some of the
sites, although not in sufficient quantities for most analyses. Most fish samples
were collected from a sampling from July 30 to August 3 after the bay had
returned to a somewhat normal salinity regime. However, late July sampling
was complicated by the Apex Barge oil spill that occurred on July 28. Because of
this spill, few fish were collected near Eagle Point (close to the oil spill site). A
final sampling trip on September 4-6 completed the remaining sampling at Eagle
Point.

The analytical program called for the analyses of ten individual specimens of the
five target organisms from each site (200 edible muscle tissue samples). Fifty
liver samples were composited for analyses from the approximately 120 fishes.
Trace contaminants measured included heavy metals, polynuclear aromatic
hydrocarbons (PAHs), pesticides and PCBs and a GC-MS scan for other EPA
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Figure 1. Collection sites for tissue samples.
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organic priority pollutants. Trace elements of interest in this study were those on
the EPA Priority Pollutant List (PPL) which included: arsenic (As), cadmium
(Cd), chromium (Cr), copper (Cu), lead (Pb), mercury (Hg), nickel (Ni), selenium
(Se), silver (Ag), and zinc (Zn). PAHs determined by GC/MS/SIMs included 39
two- to five-ring aromatics and selected alkylated homologs. Pesticides and PCBs
were determined by gas chromatography with election capture detection (ECD).
Selected chlorinated pesticides (aldrin, chlordane, dieldrin, endrin, heptachlor,
BHC, heptachlor epoxide, hexachlorobenzene, lindane, mirex, trans-nonachlor,
toxaphene, DDTs, DDDs and DDEs) and individual PCB congeners were
quantitated. Analytical methods for trace organic analyses followed those of the
NOAA National Status and Trends Mussel Watch Program.

None of the average concentrations of trace metals or trace organic contaminants
in fish tissue, oysters, or crabs collected in this study pose a risk to human health
associated with consumption of seafood based on the U.S. EPA (1989) guidance
manual for assessing human health risks for chemically contaminated fish and
shellfish. In general, trace contaminants were higher in oyster and crab tissues
than fish tissue. This was especially true for trace organics and certain trace
metals such as zinc, lead, nickel, copper, cadmium and silver. Mercury showed
the opposite trend with higher concentrations in fish tissue. Most PAHs in
Galveston Bay seem to originate from combustion sources (atmospheric
deposition or runoff) and not from petroleum inputs based on the distribution of
PAHs and their alkylated homologs. The chlorinated hydrocarbons were
represented by low levels of DDT and its metabolites (DDD and DDE). As expected,
higher contaminant levels were generally found in the upper portion of Galveston
Bay (Morgan's Point) near the Houston Ship Channel.
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Trace Organic Contamination in Galveston Bay:
Results from the NOAA National Status and Trends

Mussel Watch Program

Terry L. Wade, James M. Brooks, Jose L. Sericano, Thomas J. McDonald,
Bernardo Garcia-Romero, Roger R. Fay, and Dan L. Wilkinson

Geochemical and Environmental Research Group, Texas A&M University

In order to determine the current status and long-term trends for selected
environmental contaminants in U.S. coastal areas, the National Oceanic and
Atmospheric Administration (NOAA) established the National Status and Trends
(NS&T) Mussel Watch Program. As part of the NS&T Program, sediment and
oyster samples have been collected and analyzed from over 70 estuarine sites in
the Gulf of Mexico representing all major Gulf Coast estuaries. Sampling sites
were located in areas not influenced by known point sources of inputs.

Oysters have been employed as sentinel organisms because they are
cosmopolitan, sedentary, known to bioaccumulate contaminants of interest, able
to provide an assessment of bioavailability, not readily capable of metabolizing
contaminants, able to survive pollution loading, readily found as locally stable
populations, transplantable, and commercially valuable. Oysters are, therefore,
excellent biomonitors for contamination in estuarine areas.

The Galveston Bay system is one of the largest and most economically important
estuaries along the Texas Gulf Coast. This area has been the recipient of various
contaminant inputs because of an aggressively growing urban and industrial
region. Houston, Deer Park, Baytown, Texas City and Galveston, surrounding
Galveston Bay to the north and west, are some of the most heavily industrialized
areas in Texas. Hundreds of industrial plants bordering the Galveston Bay
estuarine system, including petrochemical complexes and refineries, as well as
runoff, are likely to introduce significant amounts of organic contaminants into
the bay. In general, ecological studies have suggested that the waters of
Galveston Bay contained contaminants in sublethal amounts which caused stress
to organisms resulting in significant changes in the estuarine community
structure.

Samples were collected at six locations in Galveston Bay (Fig. 1). Sampling was
conducted each winter and began January of 1986 at four sites (15-18), and in
December of 1987 at two other sites (58-59). Additional samples were collected at
some of these sites to provide information on seasonal trends in contaminant
concentrations. Sediments (top 1 cm) and oysters (20) were collected at three
stations at each site and analyzed for polynuclear aromatic hydrocarbons (PAHs),
polychlorinated biphenyls (PCBs), chlorinated pesticides (e.g DDT, chlordane) and
tributyltin. All sample analyses were performed using Standard Operating
Procedures to provide high quality, precise, accurate and reproducible data. Data
quality was further assured by participation in NOAA/NIST intercalibration
exercises. This allows for direct comparison of NS&T Gulf Coast data with NS&T
data for the East and West Coasts.
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Figure 1. Galveston Bay sampling sites included the Ship Channel (59), Yacht Club (15), Todd's
Dump (16), Hanna Reef (17), Offatt's Bayou (58) and Confederate Reef (18).
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Total PAH average concentrations ranged from 54 to 2400 ng/g. The higher
concentrations were measured in oysters from the upper portion of Galveston Bay
(i.e., stations 15 and 59) and near the City of Galveston (i.e., stations 18 and 58).
Oyster samples from areas farther away from urban centers (i.e., stations 16 and
17) had average concentrations one to two orders of magnitude lower. In general,
these concentrations are in good agreement with those previously encountered
during temporal studies in Galveston Bay. Two PAHs, pyrene and fluoranthene,
generally accounted for >25% of the total PAHs measured. The predominance of
these compounds would suggest that the major source of PAHs in the Galveston
Bay area is combustion products.

Average total PCB and DDT concentrations in Galveston Bay oysters were in the
48-1100 and 12-240 ng/g ranges, respectively. Most of the DDT residue is present
as metabolites, DDE and DDD. In general, less than 10% of the total contaminant
load in oysters is the parent compound, DDT. Samples from stations 15 and 59
were the most contaminated, while oysters from Station 17 had the lowest residue
concentrations. These concentrations agree with the ranges reported earlier for
Galveston Bay bivalves.

Contaminant concentration patterns were similar for most contaminants. The
upper bay sites (15, 59) had higher concentrations than the mid-bay sites (16, 17)
for DDT, PAH, PCB and butyltins. Sites from the lower bay (18, 58) had
intermediate concentrations. This most likely results from proximity to large
urban areas and runoff inputs. The lower contaminant loading in the mid-bay
region probably results from dilution effects. The concentrations found in
Galveston Bay are similar to the range found throughout the Gulf of Mexico for
the NS&T Program. The concentrations in the upper bay are above average for
the Gulf of Mexico, mid-bay concentrations are below, and lower bay
concentrations are close to the average Gulf of Mexico concentrations. Most of the
sites show no consistent temporal trend for the organic contaminants. However,
there is a general decrease in concentrations over time at Station 15 for PAH, PCB
and DDT. Sample collections at other times of the year indicate some seasonal
variability of contamination concentrations.
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Trace Metals in Galveston Bay Oysters

B. J. Presley, R. J. Taylor and P. N. Boothe
Oceanography Department, Texas A&M University

Oysters and other bivalves have been used as "sentinel" organisms for assessing
the pollution status of marine water bodies for almost twenty years. For example,
Goldberg, et al, (1983) report data for a U.S. EPA funded "Mussel Watch"
program conducted in 1976-78 and the current NOAA funded "National Status
and Trends Program" (NS&T) is an outgrowth and extension of the "Mussel
Watch" concept. Bivalves are widely recognized as being responsive to changes in
pollutant levels in the environment, good accumulators of pollutants, widely
distributed along coasts, and easy to collect and analyze. They integrate pollutant
levels in the environment over weeks to months and therefore allow areas to be
compared even when sampling is done only once or twice per year.

Oysters (Crassostrea virginica) were collected at six different sites in Galveston
Bay during 1986-1989 as part of NS&T (see Fig. 1, page 69). Each site was on an
identifiable oyster reef and at each, twenty oysters were taken from each of three
stations, the stations being 100 to 500 m apart. Each site was sampled once each
year, except two of the sites (stations 58, 59) were not sampled the first two years.
The twenty oysters from each station were combined and analyzed as a single
sample each year. In most cases stations were located hundreds of meters to
many kilometers away from any obvious point sources of pollutant inputs in an
attempt to characterize large areas of Galveston Bay, rather than to identify
specific point sources of pollutant input.

Frozen oysters were returned to the lab where they were opened under clean room
conditions. The oyster tissue was put into teflon jars which were loaded into an
industrial paint shaker and shaken vigorously for 15-20 minutes to completely
homogenize the samples. An aliquot of the combined and homogenized sample
was freeze-dried, re-homogenized by ball milling in plastic, and weighed into a
digestion vessel. Digestion of the approximately 200 mg dry weight samples of
oyster tissue used three ml of a four to one mixture of ultra-pure nitric and
perchloric acids.

Two blanks and two reference materials were digested with every set of 20-40
samples. Repeated analysis of these reference materials and participation in
several intercalibration exercises give an estimate of ten percent or better for both
the precision and accuracy of the data reported here.

All data reported here were obtained by atomic absorption spectrophotometry
(AAS). The samples were analyzed for Ag, As, Cd, Cr, Cu, Fe, Hg, Mn, Ni, Pb,
Se, Si, Sn, and Zn. Flame AAS was used for Cu, Fe, and Zn which exhibit high
concentrations in oysters, cold vapor AAS for mercury, and graphite furnace
AAS for the remaining elements.

Trace metal concentrations found in oysters collected along the entire Gulf of
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Mexico coastline during the first four years of NS&T were generally similar to
those reported in oysters taken from non-contaminated water in other parts of the
world (Texas A&M Geochemical and Environmental Research Group, 1990).
Only a few sites showed obvious trace metal pollution and these were restricted
geographically such that nearby sites were usually unaffected. Abnormally high
or low values at a site did, however, usually repeat year after year suggesting
local control. Abnormal sites for most metals were just as likely to be visibly
pristine as to be highly industrialized.

The oysters collected in Galveston Bay for NS&T were similar in trace metal
content to those collected elsewhere along the Gulf coastline, i.e., there is no
indication of generalized trace metal pollution in Galveston Bay (Table 1). The
average Ag, Cd, Cr, Fe, Mn and Pb in Galveston Bay oysters differs by 10% or less
from the Gulf-wide average. Copper is 13% higher in Galveston Bay, while Ni is
15% higher and Se is 16% higher. A "t-test" of the significance of those
differences shows that only the Se averages are significantly different at the 95%
confidence level. Arsenic in Galveston Bay oysters is less than one-half the Gulf-
wide average, but the Gulf average is greatly influenced by several sites in
southern Florida that produce oysters greatly enriched in As. Oysters from other
Texas and Louisiana bays are similar in As content to those in Galveston Bay.
Tin seems to be about 20% lower than Gulf averages in Galveston Bay, but all Sn
values are near the detection limit of the method used and a 20% difference is not
significant. Finally, Zn is 43% higher in Galveston Bay oysters than in Gulf-wide
average oysters.

Discussion of metals in Galveston Bay oysters averaged over all sites and all years
obviously cannot show possible geographic and temporal trends within the bay.
In the case of Zn, for example, three of the six Galveston Bay sites had oysters
with near Gulf average Zn, with relatively little year to year variation. The other
three sites had much higher Zn. Two of the high Zn sites, Ship Channel and
Yacht Club, are in extreme northwestern Galveston Bay near industrial waste
water inputs and boat basins where Zn contamination might be expected. The
other high Zn site was in Offatt's Bayou on Galveston Island and is surrounded by
residential development and private boat moorings. This apparent local control
on Zn, and in some cases on other metals, is seen not only in Galveston Bay but
also throughout the Gulf of Mexico. Large site to site and time to time changes in
trace metal concentration might be due to man, but the exact activity responsible
has not been identified.
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Cadmium, Pb, Ag and Hg are often added to the environment by man in amounts
rivaling those added by nature but there is no evidence of anthropogenic inputs of
these metals in the Galveston Bay oyster data. Rather, except for Zn, trace metal
concentrations in oysters from Galveston Bay are similar to those in oysters from
pristine areas elsewhere and do not reflect the big differences in proximity to
population and industrialization of the different sites in the bay.
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Transplanted Oysters as Sentinel Organisms in Monitoring Studies

Jose L. Sericano, Terry L. Wade and James M. Brooks
Geochemical and Environmental Research Group, Texas A&M University

Coastal marine environment contamination by a number of organic compounds
of synthetic or natural origin has received increasing attention over the last
several years. Biomonitoring of these compounds in the aquatic environment is
well established and bivalves are generally preferred for this purpose. The
rationale for the "Mussel Watch" approach using different bivalves, e.g., mussel,
oysters and/or clams, has been summarized by different authors and its concept
has been applied to many monitoring programs during the last decade.

The National Oceanic and Atmospheric Administration (NOAA) National Status
and Trends (NS&T) Program, for example, is designed to monitor the current
status and long-term effects of selected organic and inorganic contaminants of
environmental concern, i.e., polynuclear aromatic hydrocarbons (PAHs),
chlorinated pesticides, polychlorinated biphenyls (PCBs), and trace metals.
Concentrations of these contaminants in bivalves are measured along the coasts
of the U.S.A. over several years. During the first five years of this program (1986-
1990) the objective was to sample all the locations prescribed by NOAA; however,
this goal was compromised by locations depleted of living oysters because of
diseases, predators, excessive freshwater runoff, harvesting or dredge material
burying entire reefs. Therefore, in some instances, it was not possible to obtain
samples. At the end of the first five years of the NS&T program, nearly 20% of the
original locations presented some of the above mentioned sampling problems that
left the data base with missing values. Transplantation of bivalves to areas where
indigenous individuals were not originally present or have been lost because of
natural or man-induced actions could be a potentially useful tool in monitoring
environmental pollution.

The present study was designed to examine the uptake and depuration of selected
organic contaminants, PAHs and PCBs in oysters (Crassostrea virginica)
through transplantation experiments in two locations in Galveston Bay, Texas.

Approximately 250 oysters of similar dimensions (e.g., 6-8 cm) were collected
from a relatively uncontaminated area in Galveston Bay, Hanna Reef, and
transplanted in 24x70 cm net bags, containing 25-30 individuals per bag, to a new
location near the Houston Ship Channel (HSC) in the upper part of the bay.
Composite samples of 20 transplanted and 15 indigenous oysters were collected at
zero, three, seven, 17, 30, and 48 days during the first phase of the transplantation
experiment. The remaining Hanna Reef oysters were then back-transplanted to
their original location in Galveston Bay. At the same time, approximately 150
indigenous oysters from the HSC site were also transplanted to the Hanna Reef
area. Composite samples of 20 oysters from each population were collected at
three, six, 18, 30, and 50 days after transplantation.

The concentrations of most organic contaminants in oysters transplanted from
Hanna Reef to the HSC increased dramatically during the seven-week exposure
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period. Comparatively, concentrations of individual PAHs and PCBs in
indigenous oysters during the first phase of this experiment were fairly constant.
The analyte concentrations in native oysters represent the time-integrated
contaminant concentrations available to the oysters in solution, adsorbed onto
particles and incorporated into food.

Initial concentrations of total PAHs in transplanted oysters increased from 290
ng/g to a final value of 4360 ng/g. Two- and three-ring PAHs were detected in low
concentrations in transplanted and indigenous oysters. Four- and five-ring
compounds were accumulated to the highest concentrations in Hanna Reef
oysters. By the end of the first 48 days, transplanted oysters accumulated these
PAHs to levels that were not statistically differentiable from the concentrations
measured in native individuals. The PAHs accumulated to the highest
concentrations were: pyrene > fluoranthene > chrysene > benzo(e)pyrene >
benzo(b)anthracene.

Hanna Reef and HSC oysters showed statistically significant depuration (p < 0.05)
of four- and five-ring PAHs after relocation to the Hanna Reef area. Depurations
of these aromatic compounds by both groups of oysters were approximately
exponential. The half-lives ranged from 10.4 and 12.4 days for pyrene to 25.6 and
38.5 days for fluoranthene in Hanna Reef and HSC oysters, respectively. Most of
the values were, however, between ten and 16 days.

PCB concentrations in transplanted oysters increased from 30 ng/g to 850 ng/g
after the 48-days exposure period. Pentachlorobiphenyls were the compounds
accumulated to the highest concentrations in transplanted and native oysters. In
comparison, practically no octa-, nona- or decachlorobiphenyls were detected in
either oyster group. Unlike the PAHs, not all the PCB homologs measured in
transplanted oysters reached the concentration encountered in indigenous
individuals by the end of the first phase of this experiment. While there were no
statistically significant differences in the tri- and tetrachlorobiphenyl
concentrations measured in transplanted and native oysters, significant
differences were observed in the total concentrations of penta- and
hexachlorobiphenyls. It is evident that a longer exposure period is needed for the
higher molecular weight PCB to reach a steady state concentration.

Hanna Reef and HSC oysters showed statistically significant depuration (p < 0.05)
of low molecular weight PCBs when relocated to the Hanna Reef area. Originally
uncontaminated oysters depurated PCBs at a faster rate than chronically
contaminated oysters. The clearance rates of high molecular weight PCBs were
significantly slower in both oyster populations Biological half-lives for these PCBs
in Hanna Reef and HSC oysters ranged from 21 to 129 days and from 20 days to >
year, respectively.

Transplanted oysters can be considered valuable bioindicators of environmental
contamination by PAHs and PCBs in areas lacking indigenous oysters. However,
in order to avoid misleading interpretations of environmental data collected using
transplanted bivalves, it is imperative to understand that some trace organic
compounds need extremely long time, i.e., several months, to reach equilibrium
concentrations.
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Qrganochlorines Accumulate in Heron and Egret Chicks
Sampled in the Houston Ship Channel

Thomas W. Custer
U.S. Fish and Wildlife Service, Victoria, Texas

The National Contaminant Monitoring Program (NCBP) is an effort of the U.S.
Fish and Wildlife Service to measure concentrations of DDT and other persistent
chemicals in the environment and to quantify changes in these levels. The NCBP
has established a network of sampling stations in segments of the environment
for which Federal agencies have authority. The wildlife component of this
program, administered by the Patuxent Wildlife Research Center, includes the
periodic sampling of European starlings (Sturnus vulgaris), mallards (Anas
platyrhynchos), and American black ducks (Anas rubripes). In order to include
an estuarine component into the NCBP, herons and egrets are being evaluated.

Eggs and chicks (five, ten, and 15 days of age) of snowy egrets (Egretta thula), and
black-crowned night-herons (Nycticorax nycticorax) were collected in
Naragansett Bay, RI; the Houston Ship Channel (HSC), TX; and San Francisco
Bay, CA. Great egret (Casmerodius albus} eggs and chicks also were collected at
the Texas colony. Eggs and chicks were analyzed for organochlorines; trace
element and petroleum hydrocarbon analyses are pending.

DDE and polychlorinated biphenyls (PCBs) were detected in all eggs and chicks,
and they accumulated as the chicks grew. At each location, black-crowned night-
heron chicks accumulated both DDE and PCBs more rapidly than snowy egrets or
great egrets. PCBs accumulated more rapidly in night-heron chicks in Rhode
Island than California; however, PCB accumulation for snowy egret chicks did
not differ among locations. Contaminant accumulation rates in heron and egret
chicks could be used as a new wetland component of the NCBP.



The Occurrence of Chlorostyrenes in
Egrets and Herons Collected in Galveston Bay

Clifford P. Rice
Patuxent Wildlife Research Center, U. S. Fish and Wildlife Service

and
Thomas W. Custer

U. S. Fish and Wildlife Service, Victoria, Texas

While conducting routine GC/MS confirmations for organochlorine contaminants
in birds collected from three geographically separated U.S. coastal estuaries (east,
west, and Gulf), we uncovered what appears to be a site-specific problem with
chlorostyrenes in the Galveston Bay area. The Galveston Bay levels of octa- and
hepta-chlorostyrene were moderate to high in most of the samples (Table 1);
especially when compared to residues of chlorostyrenes from other locations
(Lake St. Clair, MI [Hebert et al, 1990] ; and the river Neckar, Germany [Kypke-
Hutter et al., 1986]). Figure 1 shows the relative concentration of these type
compounds, i.e., the Industrial Group, (hexachlorobenzene is included since it is
similar in origin) vs. the other more typically reported organochlorine pollutant
groups found in these samples: the PCB/DDE Group, the Chlordane Group and
the Dieldrin/DDD/DDT Group. Figure 1 shows that the chlorostyrenes constitute
a significant portion of the overall organochlorine load in these birds. Since this
is not the first time this compound group has been reported for this area (King
and Krynitsky, 1986 and King et al. 1987), it seems that its distribution, sources,
fate and effects should be more thoroughly evaluated. The most likely source for
chlorostyrenes is from the electrolytic production of chlorine (Kaminsky and Kites
1984).

Table 1. Chlorostyrene residues in egret and heron egg and tissue samples collected from
Galveston Bay, Texas.

Species
Great Egret
Great Egret
Snowy Egret
BC Night Heron
Great Egret
Great Egret
Snowy Egret
Snowy Egret
Snowy Egret
Great Egret
BC Night Heron
Great Egret
BC Night Heron

Tissue
Type
Egg
Egg
Egg
Egg

Carcass (5 dy old)
Carcass (5 dy old)
Carcass (5 dy old)
Carcass (5 dy old)
Carcass (10 dy old)
Carcass (10 dy old)
Carcass (15 dy old)
Carcass (15 dy old)
Liver (15 dy old)

Estimated Concentration* (ue/2 wet wt.)
Octachlorostyrene

0.15
1.4
0.01
1.6
0.17
0.05
0.01
0.8
0.68
0.02
0.14
0.05
0.05

Heptachlorostyrene
<0.01

2.0
<0.01

0.6
0.24
0.02
0.02
0.9
2.6
0.02
0.09
0.03
0.02
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Figure 1. Organochlorines in waterbirds from Galveston Bay. (Analyte code: 1 = PCB; 2 =p,p' -
DDE; 4 = Trans Nona.; 5 = Cis Nona.; 6 = Cis Chlor.; 7 = Oxychlor.; 8 = Heptachlor Epoxide; 10 =
HCB; 11 = Octachlorostyrene; 12 = Heptachlorostyrene; 14 = Dield.; 15 =p,p'-DDT.)

The samples for this study were collected from Goat Island which has recently
eroded away. This island was located about 1.5 miles north of Alexander Island
in the HSC. There is a great deal of industrial activity in this area, and several
likely manufacturing operations which could be sources for the chlorostyrene
residues found in these samples.
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Oil Spill Impacts



The Effects of the Apex Barge CHI Spffl on the Fish of Galveston Bay

Susanne J. McDonald, James M. Brooks, Dan Wilkinson,
Terry L. Wade, and Thomas J. McDonald

Geochemical and Environmental Research Group, Texas A&M University

On July 28, 1990 the Greek tanker, Shinoussa, collided with three barges in the
Houston Ship Channel in Galveston Bay, Texas. Over 700,000 gallons of
petroleum product were released into the bay from one of the Apex barges. The
spilled petroleum was a processed product known as a vacuum reformate that
contained unusually high concentrations of the toxic polynuclear aromatic
hydrocarbon (PAH), benzo[a]pyrene (BaP). The purpose of this study was to
assess the effects of the spilled petroleum on the fish of Galveston Bay and to
compare results obtained from more typical monitoring methods (i.e., PAH tissue
residue concentrations) and a recently developed technique for detecting PAH
metabolites in fish bile. Measuring the concentrations of biliary PAH metabolites
in fish is a sensitive method that can provide an improved estimation of PAH
exposure, early indications of habitat deterioration, and a clear association
between pollutant source and resultant exposure. Data of this nature is beneficial
for informed management and regulatory decisions.

Field crews were on Galveston Bay collecting fish as part of the Galveston Bay
National Estuary Program (GBNEP) monitoring study the week following the oil
spill. One of the designated stations in this study, Todd's Dump (or Eagle Point),
is located within two miles of the Apex barge oil spill and was sampled on August
3, 1990, one week after the spill. Fish were collected using gill nets at the
north/northwest end of Redfish Island and over the oyster reef at Todd's Dump. A
prominent oil slick was observed in waters surrounding Redfish Island; whereas,
no obvious slick was evident in waters over the oyster reef. Additionally, follow up
studies resampled the Todd's Dump area for fish approximately four and sixteen
weeks after the spill. The fish captured were analyzed for PAH metabolites in bile
and PAH residue in liver and muscle tissues. The PAH metabolites analyzed
were naphthalenes, phenanthrenes, and BaPs.

Fish rapidly metabolize lipophillic PAH to more polar and excretable metabolites.
A number of polar metabolites formed by the enzymatic transformation of PAH in
fish livers are excreted into bile and urine. Biliary PAH metabolites were
analyzed using a non-radiometric technique employing HPLC and fluorescence
detection. The advantages of this technique include the ease with which samples
are collected and stored, the minimal sample preparation required, its sensitivity,
its low cost, and that it is an in vivo measurement. Field studies have
documented elevated concentrations of PAH metabolites in the bile offish collected
near hydrocarbon contaminated sediments and downstream from an oil spill. An
increased incidence of idiopathic hepatic lesions and reduced ovarian maturation
has been correlated with high concentrations of biliary PAH metabolites in fish.

The analysis of fish collected near Redfish Island, one week after the spill,
revealed the highest biliary concentrations of PAH metabolites ever reported for
fish. The mean concentration of naphthalene, phenanthrene and benzo[a]pyrene
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metabolites was 4,200,000, 1,900,000, and 11,000 ng/g wet weight, respectively.
Fish captured over the oyster reef, in waters that were not obviously oiled, had
metabolite concentrations of 1,100,000 (naphthalene), 540,000 (phenanthrene), and
3,900 (BaP) ng/g. The high concentration of BaP metabolites is of particular
concern since many of these compounds are highly carcinogenic and reflect the
high concentration of BaP in the spilled petroleum. The mean biliary
concentrations of PAH metabolites in fish captured four weeks after the spill were
lower than those observed one week after the spill, but were still elevated
(naphthalene = 900,000, phenanthrene = 290,000, and BaP = 2400 ng/g); whereas,
fish collected sixteen weeks after the spill had significantly lower concentrations
of PAH metabolites in their bile (naphthalene = 240,000, phenanthrene = 70,000,
and BaP = 630 ng/g).

In contrast to results of the bilary analysis, the concentration of PAH residues in
the tissues of fish captured one week after the spill are low to nondetected.
Significant concentrations of PAH are seldom detected in fish, even when the
adjacent environment contains high concentrations of PAH, because fish rapidly
metabolize PAH to derivatives not detected by routine analytical techniques for
monitoring hydrocarbon exposure. Evaluating the effects of the Apex oil spill only
on the concentration of PAH residue in fish tissues would suggest no significant
evidence of exposure. However, metabolite data indicates that the fish near
Todd's Dump were exposed to high concentrations of PAH.
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A Simple Method to Monitor Mutagenic Responses at Oil Spill Sites

C.S. Giam, T. L. Holliday, Y. Zheng, R. Li, and A. M. Landry
Texas A&M University at Galveston

and
S. Kira and T. Itoh

Okayama University Medical School
and

,H. Hayatsu
Faculty of Pharmaceutical Sciences, Okayama City, Japan

This ongoing project was initiated to explore the mutagenic responses of "treated
cloth" from sites different distances away from an oil spill. Eight sites in
Galveston Bay were selected for sampling. Sampling was conducted five to seven
days following the release of approximately 500,000 gallons of crude oil into
Galveston Bay as a result of the collision between an oil tanker and a barge on
July 28, 1990. The sites varied in their distance from the spill and included a
"control site", i.e., at a remote (not obviously affected) site from the spill.

Treated cloth containing copper phthalocyanine trisulfonate is expected to
preferentially bind polynuclear aromatic hydrocarbons (PAHs). Certain PAHs
are well established mutagens. Treated cloth was suspended in polluted bodies of
water for extended periods of time to monitor mutagenic pollutants. For this
study, treated cloth was suspended in the water at a depth of 1-2 feet from the
surface. After 24 hours, the treated cloth was collected. In the laboratory, the
treated cloth was extracted with a methanol/ammonia solution. The extract was
then subjected to the "Ames assay" using Salmonella typhimurium TA98 as the
tester strain in the presence of an S-9 mix. This method could provide data on the
amount of mutagens present during the entire monitoring period (24 hours) as
opposed to conventional sampling methods which provide data on that brief period
(minutes) during which the sample was taken.

In addition to determining the mutagenic responses of the treated cloth,
conventional sampling of water, sediment and oysters were taken for chemical
characterization. The objective was to see if there is a correlation between the
levels of PAHs in these samples and mutagenicity of the treated cloth extract from
the same site. Samples were taken at the sites immediately prior to placing the
treated cloth in the water. Water samples were carefully collected in precleaned
glass containers. Sediment samples were collected using an Ekman grab, and
carefully transferred to precleaned glass jars. Oysters were collected by hand
using a metal "crow bar" if necessary. They were rinsed with water at the site
and wrapped in two layers of aluminum foil. Samples were sealed, then placed in
plastic bags and transported to the laboratory on ice. In the laboratory, water
samples were refrigerated, sediment samples were frozen, and oyster tissue was
removed from the shell and frozen until time of analysis. For chemical analysis,
samples were weighed and then extracted with pollutant-free solvents. Extracts
were analyzed by capillary GC-MS and GC-FID, especially for hydrocarbons.

Treated cloth from sites in close proximity to the spill had higher mutagenic
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responses than those from more distant sites and the control site.

Preliminary chemical analysis of the water samples indicated the presence of
petroleum alkanes, polynuclear aromatic hydrocarbons, phthalates, and other
organic compounds. Following completion of this analysis, attempts will be made
to correlate the mutagenic responses of the treated cloth extracts with the
presence of known mutagens in the samples.

The treated cloth used for this study was blue rayon supplied by Dr. S. Kira and
Dr. H. Hayatsu. This work was partially supported by: EPA Projects 89-06444, 89-
06445, NIH Project 5 P42ESO4917-03, Welch Project BD1161 and a Grant-in-aid
(02557092) from the Ministry of Education, Science and Culture, Japan.
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Oilfield Produced Water



An Assessment of Produced Water Impacts
in the Galveston Bay System: Preliminary Findings

R. Will Roach
U.S. Fish and Wildlife Service

Produced water (or oil field brine) is a by-product associated with oil and gas
recovery operations. Common methods of brine disposal include deep-well
injection, whereby the water is injected back into the petroleum formations from
which it was withdrawn, and discharge to surface waters, commonly known as
"tidal disposal" because of its restriction to tidally-influenced waters within the
state. Texas Railroad Commission (RRC) 1990 estimates indicate that the
Galveston Bay system and its tributaries receive more than 326,000 barrels (13.7
million gallons) of produced waters per day from 76 permitted sources. Fifty-
seven percent of the discharges (by volume) went to bayou systems; shoreline and
open-bay discharges accounted for 35 and eight percent, respectively. The actual
volumes discharged into the bay vary greatly, depending upon the economic
feasibility of oil production and the length of reservoir production (i.e., older fields
yield proportionally more water).

Produced waters typically contain high levels of dissolved solids, ranging in
salinity from 12 to 160 parts per thousand; metals concentrations much higher
than those of receiving waters; and up to 25 parts per million oil and grease.
Radioactive isotopes are also prevalent in produced waters. Concentrations of
radium 226 in brines often exceed regulatory criteria established for other
industries. The RRC issues tidal disposal permits, provided that the discharge
meets applicable Texas Surface Water Quality Standards. EPA does not currently
regulate these discharges under its National Pollutant Discharge Elimination
System.

Recent studies of the effects of brine upon estuarine systems have shown that high
levels of dissolved solids allow the formation of a density gradient, especially in
low energy systems such as bayous; oil and chlorides are incorporated into
sediments near discharges, severely depressing the abundance and richness of
benthic infauna; elevated salinities inhibit nekton movement; and petroleum
hydrocarbons are ingested and incorporated into the tissues of various aquatic
organisms. King (USFWS, unpublished data) found that migrant shorebirds
accumulated polynuclear aromatic hydrocarbons 24-fold while wintering in the
vicinity of produced water discharges.

The objective of this study is to provide a general assessment of any adverse
environmental effects resulting from the "tidal disposal" of produced waters at
two sites. The Tabbs Bay site (a shoreline discharge) and the Cow Bayou site were
the primary study sites selected for characterization within the Galveston Bay
system (Fig. 1). Three transects were established radiating from the discharge
into Tabbs Bay. A reference site was located approximately four miles away in
upper Galveston Bay. Three stations in Cow Bayou, two stations in Robinson
Bayou (a reference bayou influenced by urban runoff) and two stations in Clear
Creek were selected to assess impacts upon bayou habitats.
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Figure 2. Richness, diversity, and abundance of benthos at the Cow Bayou study site.

Figure 3. Richness, diversity, and abundance of benthos at the Tabbs Bay study site.
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Figure 4. Percent survival of organisms exposed to Tabbs Bay sediments (S. Burch, R. S. Carr,
and C. L. Howard, unpublished data).

Sediment, effluent, water and tissue samples were collected for residue analyses
of organic and inorganic constituents. Acid volatile sulfides, total organic carbon,
and grain size analyses were performed on sediment samples to provide indices of
contaminant bioavailability. A suite of bioassays was conducted using pore
waters, surface microlayer samples, and effluents from the Tabbs Bay site. Solid-
phase and resuspended sediment bioassays for acute, chronic, and sublethal
toxicity were conducted using sediments from selected stations at both sites.
Seven replicate samples were collected at each station for macroinvertebrate
identification and enumeration using a modified Mackin 2-inch coring device.

Benthic community data from the Tabbs Bay site indicate significant effect only at
the two stations nearest the discharge, while the infaunal populations are absent
or sparse for the entire length of Cow Bayou. Benthic macroinvertebrates in Cow
Bayou and Tabbs Bay ranged in abundance, respectively, from 0 and 787 per
square meter at stations nearest the discharge to 14,760 and 9,988 per square
meter at distant or reference stations (Figs. 2 and 3). Sediment and pore-water
toxicity data indicate significant impact within 370 meters of the Tabbs Bay
discharge and the entire length of Cow Bayou (Fig. 4). Sediment samples from all
stations were analyzed for organic and inorganic constituents. Results indicate
that bayous receiving brines are more adversely inpacted than are shallow bay
habitats.
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Stress Proteins as Bioindicators of Exposure to
Brine-Contaminated Sediments from Galveston Bay

Cynthia L. Howard
School of Natural and Applied Sciences, University of Houston - Clear Lake

Contaminant levels in estuarine sediments have been measured with precision
for quite some time, but only recently have any associated biological effects been
studied. There is now growing interest in the use of bioindicators as monitoring
tools in the management of pollutant discharges that impact estuarine
sediments. Sediment contaminated with heavy metals or organic compounds can
affect invertebrate and fish populations at concentrations too low to cause
significant mortality in traditional toxicity tests, but can still influence estuarine
community structure as some species adapt and others disappear. These
sublethal effects can be detected using carefully selected bioindicators, such as the
presence or absence of "indicator species," changes in growth rates, fecundity or
viability of young, or the induction of specific biomolecules (stress proteins)
involved in detoxification or compensatory responses.

A significant amount of contamination of sediments in the Galveston Bay
estuarine system can be attributed to waste discharges of oil field produced water
(brine) from active oil and gas wells. Produced water is typically hypersaline and
contains high concentrations of heavy metals and water soluble fractions of oil.
These compounds become incorporated into the sediments around the discharge
sites, depress benthic species diversity and accumulate in the tissues of tolerant
organisms. Organisms that inhabit these areas most likely have adapted
biochemically and physiologically to the chemical stresses.

The objective of this study is to evaluate two different approaches to monitoring the
biological effects of brine-contaminated sediment collected from impacted areas in
Tabbs Bay and Cow Bayou, using: (1) the traditional resuspended sediment and
whole sediment benthic bioassays; and (2) stress proteins as bioindicators of
sublethal toxicity. The long-term goal of the study is to develop stress protein
analysis as a reliable bioindicator for monitoring the sublethal impact of chemical
pollutants on estuarine communities.

Sediment was collected from a reference site and four test stations along a
transect at the Tabbs Bay discharge site and from two test stations and two
reference sites downstream from the Cow Bayou discharge site. Toxicity tests
were conducted according to the Draft Ecological Evaluation of Proposed
Discharge of Dredged Material into Ocean Waters (EPA-503-8-90/002, 1990)
procedures for Tier III bioassays (96-hour resuspended sediment and 10-day
benthic tests) using grass shrimp (Palaemonetes pugio). Additional replicates
were run to include cadmium exposures as a positive control on stress protein
accumulation. Survivors of both tests were frozen at -70° C. There was no
significant mortality resulting from exposure to resuspended sediment among
any of the sediment groups. In the benthic bioassays, sediment from the two
stations nearest the Tabbs Bay outfall produced 30% and 20% mortality,
respectively.
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Grass shrimp from each sediment-cadmium exposure group were pooled,
homogenized and centrifuged to obtain a 10,000 x g supernatant. Stress proteins
ranging in molecular weight from 12 to 150 kilodaltons (kd) were identified by gel
electrophoresis and quantified by scanning densitometry. At least two proteins
were induced when grass shrimp were exposed to brine-contaminated sediment.
A 55 kd stress protein was accumulated in shrimp exposed to resuspended or
whole sediment from the brine-contaminated stations and in shrimp exposed to
cadmium in any of the sediment groups. This protein was present, but at reduced
levels, in shrimp from the control sediment and no sediment groups. A 80 kd
stress protein was also accumulated by shrimp exposed to brine-contaminated
sediment.

The resuspended sediment and benthic bioassay methods used in this study
produced results indicating no significant toxicity of the brine-contaminated
sediments, yet grass shrimp exposed to sediment from the stations nearest the
two produced water outfalls responded definitely by accumulating stress proteins.
What effects these sublethal biochemical changes cause at the population or
community level are presently unknown. However, since actual species richness
and diversity at these stations is zero or very low compared to control stations, one
cannot conclude that these sediments are not toxic.

Characterizing the mechanisms of pollution response has ecological and
management significance for at least two reasons. First, benthic invertebrate
species constitute an integral part of the estuarine food web that supports large
populations of sport and commercial fish and shellfish. Adaptation to chemical
pollution may lead to changes in the abundance of preferred food species relative
to non-food species, which could exert long-term effects on predatory fish
populations. Adaptation may also lead to tolerance for high tissue concentrations
of toxicants, thereby increasing the load in estuarine biota through
bioaccumulation or biomagnification. Second, because many benthic and
epibenthic estuarine invertebrates are restricted to a relatively small area
throughout their lives, they may provide excellent bioindicators for monitoring
sediment contamination in a bay management program.
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Nitrogen Loads to Galveston Bay

Paul Jensen and Suzy Valentine
Espey, Huston and Associates

and
M.T. Garrett, Jr. and Zaki Ahmad

City of Houston

Nitrogen is a critical macronutrient in assessing estuarine eutrophication
potential. Population growth in the Galveston Bay watershed has led to increases
in the amount of nitrogen introduced in point source discharges. In addition,
increased urbanization and more intensive agricultural activity would be
expected to result in increases in nitrogen. On the other hand, reservoir
development in the watershed traps particulate material, resulting in the
removal of nitrogen that would otherwise have entered the bay. Reservoir
development and water supply systems have also resulted in shifts in the points at
which freshwater and nitrogen are introduced into the bay, and some nitrogen
introduced to the bay is removed in the course of routine maintenance dredging.

This paper presents an analysis of the variation in the major nitrogen loads to the
bay system over the last 20 years developed from a range of data sources. These
include the extensive data of the City of Houston's (CoH) wastewater treatment
system, studies of the historical and projected freshwater needs of the Houston
metropolitan area, and available routine monitoring data from the major
tributaries to the system. The analysis also includes estimates of nitrogen loads
in earlier periods.

Using U.S. Geological Survey (USGS) data for all of the major gaging stations in
the bay watershed, it was determined that a total nitrogen (TN) concentration
(sum of TKN, NO2 and NO3-N) of approximately 1.2 mg/1 was representative of the
watersheds with the least development. Recognizing that all streams in the bay
watershed are influenced by anthropogenic sources to a degree, a value of one
mg/1 was taken as representing background inputs in the absence of man's
presence. It is recognized that this background level might be somewhat lower if
it were possible to completely eliminate airborne inputs from agricultural and
combustion sources.

Annual average inflows to the bay system are on the order of 11,300 cfs, with
substantial variation year to year. Roughly 75% on average of this flow is
contributed by the Trinity River. Using the background TN level of one mg/1 and
the average flow, the annual TN load to Galveston Bay is 68,000 Ibs/day (11,200
MT/yr). This would be the load that could be expected pre-1900.

Over the last twenty years, there has been developed reasonably good data on the
TN loads from permitted point sources. The CoH in particular operates an
extensive and highly automated laboratory complex that serves both a regulatory
and operations function. Data compiled by the City go through extensive quality
checks and are stored on a central computer data bank. Data were retrieved for
the years 1971-90 and annual average flows and TN loads computed (Fig. 1).
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Figure 1. City ofHouston treated wastewater flow and nitrogen load, 1971-1990.



During this period, the annual average TN load from the CoH treatment facilities,
which represent about 69% of the flow of the entire domestic wastewater for the
bay, was on the order of 25,000 Ibs/day. Extrapolating to the entire bay using CoH
data yielded a total during the 1980s of about 35,000 Ib/day (5,700 MT/yr). An
interesting aspect of these data is that over the period 1978 to 1990, the distribution
of this TN load has changed substantially. At the beginning of the period, nitrate-
N represented three % of the TN while at the end this percentage had grown to
over 86%.

Industrial flows were taken from Texas Water Commission (TWC) publications
and TN values taken from recent intensive survey data. These data are not nearly
as complete as the CoH source for domestic wastewater, but are the best uniform
information available. It was found that for industries along the Houston Ship
Channel (HSC), the average flow weighted TN concentration was 8.8 mg/1,
considerably lower than for domestic wastewater as would be expected. The
industries along the HSC were found to represent roughly 70% of the total bay
industrial flow, and the TN load during the 1980s was approximately 15,000
Ibs/day (2,500 MT/yr).

The next step was to estimate loads at decade intervals back to 1890, using the
population of the City as a scaling factor for domestic and industrial loads prior to
1970. No attempt was made to adjust average concentrations for a lower level or
absence of waste treatment during these years. By scaling in this way, a fairly
dramatic increase in the average annual TN load, corresponding to the growth in
the area, can be seen. The greatest growth occurred during the period 1940-1970.
Substantial growth also occurred during the 1970s, but improvements in
wastewater treatment offset this growth.

Another change that has occurred over time is the increase in basin transfers
and points where water enters the bay. Currently there is about 75 MGD of Brazos
River water added to the western portion of the bay along with roughly 100 MGD of
groundwater. Also, on the order of 300 MGD of Trinity River water is diverted to
the western side of the bay. All of these transfers enter as domestic and industrial
return flows. Finally, removal of TN occurs in navigation channel dredging.
About 500 MT/yr of TN are removed by dredging the HSC above Morgan's Point.

However, the biggest change in the bay system occurred when Lake Livingston
began filling in 1972. Prior to that time, growth in the Dallas/Ft. Worth
metropolitan area was producing a substantial increase in the TN concentration
of the Trinity River. During the period 1972-88, the Trinity River at Crockett (the
last gage before Lake Livingston) had an average TN concentration of 4.14 mg/1,
roughly four times as high as undeveloped background conditions. The lake has
a substantial effect on these TN levels. The TN data for the same period at
Romayor (immediately below Livingston) are 1.07 mg/1, roughly a 75% reduction.
Figure 2 shows these data averaged for two periods, 1970-88 and 1983-88. The
reduction across Lake Livingston in TN, particularly the inorganic forms, is quite
strong. A similar process occurred with Lake Houston although the reductions
appear to be only on the order of 50%, reflecting a much smaller lake.

Assuming that the higher TN levels found above Lake Livingston are associated
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Figure 2. Trinity River nitrogen concentrations.



Figure 3. Galveston Bay nitrogen loads.



with human activity, the increase above background was scaled to population
growth. A 75% reduction in this load was imposed in 1972, along with a 50%
reduction in the San Jacinto River load, reflecting Lake Houston in 1955. Figure 3
illustrates the overall pattern found. The three lower lines in the figure represent
the background load without the Trinity and San Jacinto rivers (the great
majority of the watershed), the domestic and industrial loads. These three
components, along with the load from the Trinity and San Jacinto rivers, are
combined into the total load, shown with a solid line. The data suggest that the
TN load to the bay probably peaked in 1971. Since that time, the load has held
relatively steady at roughly the level calculated for the 1940 period. This TN load
is roughly twice the amount calculated for the 1900 time period, substantially in
the absence of major development. This suggests that offsetting processes have
limited any major change in TN loads. However, it must be recognized that
under dry periods the concentration of point source loads on the western side of
the bay could still result in localized man-induced problems.

The methodology employed in this analysis is relatively simple and several
potentially important factors are ignored. For example, the timing and river
flows associated with the TN loads have a great effect on the residence time for
nitrogen in the bay and the amount that would be used by plant life. Dealing with
average flows obviously ignores wide year-to-year variations in TN loads and
resulting bay concentrations. However, the analysis is sufficient to suggest that
with the relatively small changes seen in the overall bay loadings, future
consideration of nitrogen concentrations should focus on the western side of the
bay under lower flow conditions.
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The Cycling of Nutrients in Galveston Bay:
Factors Regulating their Concentrations

P.H. Santschi, and J.O. Samuell
Texas A&M University at Galveston

The fate of many trace elements is related to that of nutrients, either by
coincidence of inputs, or similar removal or regeneration mechanisms.
Therefore, any geochemical investigation of trace elements has to start with that
of nutrients. However, no systematic study of nutrient cycling in Galveston Bay
has been carried out in the last decade. Excessive nutrient inputs to coastal areas
can be the cause for hypoxic events, nuisance algae blooms and, in areas with low
mixing energy, for fish kills. Galveston Bay is receiving nutrient inputs mainly
from rivers, but also from drainage from urban and agricultural areas, domestic
sewage and from the atmosphere. Important questions concerning nutrient and
light limitation of algae growth, and concerning the importance of benthic
nutrient regeneration in the bay, have so far not been addressed. Our approach to
investigate factors controlling concentrations of nutrients in Galveston Bay has
been the following:

1. The data base of the Texas Water Commission (TWO, 1980-1989)
was transferred into Lotus-123 (for IBM-PC) and Excel (for
Macintosh) formats.

2. Correlations and time-series analyses were carried out on the
monthly measurements of concentrations of nutrient elements,
chlorophyll a, temperature, and salinity at the mid-bay station
Smith Pt./Eagle Pt. in Galveston Bay, in order to establish
seasonality and regulating factors for nutrient species in the bay.

3. Results from the above correlation and time series analyses were
compared with those from other stations in Trinity Bay, Buffalo
Bayou, and East and West Bay, in order to establish the general
applicability of the conclusions.

4. Nutrient measurements were carried out in 1989 along salinity
transects in the bay to test the seasonality of nutrient
concentrations, as well as to establish sources and sinks.

From time series analysis of chemical data sets from one of the stations sampled
monthly by the TWC in the middle of Galveston Bay (half-way between Smith and
Eagle Pt.), we made the following observations: The annual pattern of phosphate,
total inorganic nitrogen and chlorophyll a in the last ten years exhibits strong
seasonal cycles, which appear to be related to temperature. Optimum (P < 0.001)
cross-correlations with temperature (T) were observed for phosphate data, when
the phosphate data were shifted by one month (i.e., P04 maximum one month
after T maximum, i.e., in September). This could indicate: 1) Higher rates of
phosphate regeneration from the sediments in the fall due to phosphate release
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associated with the formation of iron sulfides in the sediments; and 2) Control by
maxima of phytoplankton biomass during spring causing minima of phosphate
concentrations during that time. The chlorophyll a data from the last three years
cross-correlated well with temperature when the chlorophyll a data were shifted
forward by four months, indicating a spring bloom occurring in March-April.
Total inorganic nitrogen significantly (P < 0.001) and inversely correlated with
salinity, with a correlation optimum at a phase shift of three months after the
salinity maximum. Such a pattern could be caused by four different
mechanisms: 1) Nitrogen inputs from storm sewer overflows during high rainfall
events in the drainage basin of the Trinity River, delayed by the typical water
residence time in the reservoir lakes of the Trinity River; 2) Control by
denitrification losses in reservoir lakes along the Trinity River such as Lake
Livingston. Dentrification losses would be at their lowest during times of shortest
water residence times in these lakes associated with highest freshwater flows; 3)
Maxima of denitrification losses in Galveston Bay during times when the salinity
of bay waters is at its highest. Nitrogen losses by denitrification in the bay are
supported by frequent observations of close to zero concentration of nitrate during
the summer months; and 4) In-situ control by nitrification processes in the bay
during times of lower salinity. More extensive studies are required to test these
hypotheses.

Nutrient concentrations from water samples taken during two Trinity River to
Gulf of Mexico transects in August and October, 1989 showed that phosphate
concentrations were considerably higher during the warm August month than
during the colder October, confirming long-term trends for concentration
maxima during the late summer months. Both nitrate and phosphate showed
concentration maxima in the intermediate salinity range, indicating an extra
source, possibly nutrients regenerated from sediments.

In the future, we will attempt to investigate the importance of fluxes from the
atmosphere and from the sediments to the cycling of nutrient and trace elements
in the bay.
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Natural Radionuclides as Tracers of the
Self-Cleaning Capacity of Galveston Bay

M. Baskaran, C. Coleman and P.H. Santschi
Texas A & M University at Galveston

One of the main concerns over the discharge of contaminants into semi-enclosed
basins, such as Galveston Bay, is the potential impact of contaminants on biota.
Contaminants are dispersed throughout a natural system by a variety of
processes. These processes may be physical, chemical, or biological in character.

A very important pathway for dispersing certain types of contaminants
throughout heterogeneous systems is transport by sorption onto particles. One
widely-used technique for studying the fate of particle-reactive contaminants is
the use of naturally-occuring, radiogenic isotopes as particle tracers and as
chemical analogues for the contaminants of interest.

Our objectives in this study were two-fold: 1) the utilization of two radiogenic
isotopes, 7Be and 210Pb, as in situ tracers in Galveston Bay; and 2) comparison of
these data with previous particle-tracing studies using 234Th. Heavy rain events
were used as a source of pulse inputs for the lead and beryllium isotopes, and
their activities were followed in the Galveston Bay water columns throughout and
after the rain period.

210Pb (22.1 year half-life) and 7Be (53.3 days half-life) are particle-reactive
radionuclides which are produced in the atmosphere and subsequently removed
from the atmosphere by dry and wet washout of aerosols to which they are
attached. These nuclides have been used extensively to study the rates of
sediment accumulation and mixing, the dynamics of particle transport, and the
fate of particle-reactive elements in estuarine and coastal waters. While 210Pb is
derived from its progenitor 222Rn, which is a noble gas and emanates from the
soil, the cosmogenic nuclide 7Be reaches the earth's surface from troposphere,
where it is produced. In contrast, 234Th (with a 24.1 days half-life) is produced at
a known and constant rate from the radioactive decay of its parent 238U, which is
present in sea water as a soluble uranyl carbonate. 238U is conservative in
seawater, and its activity is proportional to salinity.

Rain water samples were collected during heavy rains in a high density
polyethylene drum (with an area of 0.27 m2) at the roof of Kirkham Hall on the
Mitchell Campus of Texas A&M University at Galveston. Samples were collected
once a month, and 7Be and 210Pb activities were determined by gamma counting
in a high purity germanium well detector. Large volumes (up to 10 m3) of water
from Galveston Bay were filtered and extracted through Mn02 impregnated
polypropylene cartridges, which were ashed in the laboratory and gamma
counted for radionuclide assay using the same set-up.

Based on the measurement of 234Th/238U ratios in filtered water, the residence
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Figure 1. 7Be and %*0pb vs. time. Average fluxes are
indicated by the position of the symbol at vertical axis.

Figure 2. 210Pb flux is plotted against 7Be flux.

time of 234Th in waters of Galveston Bay, from the time it is produced until it is
sorbed by particles, was estimated to be as short as one hour. Total removal
residence times of 234Th in the water ranged between one to three days. The input
functions 7Be and 210Pb, which are plotted in Figures 1 and 2, allowed us to
calculate their overall residence times from the times of introduction into the
water until they were removed from the water column. Furthermore, 210Pb data
on precipitation in coastal stations yields information on the source(s) of the air
masses. Figure 1 shows that short events of rain input inject relatively large
amounts of these isotopes as pulses. The similarity in the input functions of these
two atmospherically derived isotopes would not be expected for marine stations
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because of the low concentrations of 222Rn, the mother radionuclide of 210Pb, in
marine air. The good correlation of 210Pb with 7Be (Figure 2) indicates that a
large fraction of air is probably continental rather than oceanic.

The analysis of water samples from Galveston Bay showed that most of the 7Be
(between 74 and 86% of the total) as well as 210Pb (between 77 and 90%) were
associated with particles. We expect that the transport of many other particle-
reactive trace metals with similar particle-water distribution coefficients (Kd) as
that of Pb and Be will also be controlled by the rates of particle movements. The Kd

of 7Be varied between 3 and 12 X 105 cm3/g. This value is 1-2 orders of magnitude
higher than some of the values reported by other workers. Kd values for 210Pb
varied between 2.3 and 8.6 X 105 cm3/g. Further studies to understand the
decrease in Kd values with increasing particle concentration are in progress.
Preliminary results indicate that 7Be and 210Pb have total removal residence
times in the water of Galveston Bay which are of similar magnitude as those of
the strongly particle-reactive 234Th.
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Figure 1. ^Be and ^®Pb vs. time. Average fluxes are
indicated by the position of the symbol at vertical axis.

Figure 2. 210Pb flux is plotted against 7Be flux.

time of 234Th in waters of Galveston Bay, from the time it is produced until it is
sorbed by particles, was estimated to be as short as one hour. Total removal
residence times of 234Th in the water ranged between one to three days. The input
functions 7Be and 210Pb, which are plotted in Figures 1 and 2, allowed us to
calculate their overall residence times from the times of introduction into the
water until they were removed from the water column. Furthermore, 210Pb data
on precipitation in coastal stations yields information on the source(s) of the air
masses. Figure 1 shows that short events of rain input inject relatively large
amounts of these isotopes as pulses. The similarity in the input functions of these
two atmospherically derived isotopes would not be expected for marine stations
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because of the low concentrations of 222Rn, the mother radionuclide of 210Pb, in
marine air. The good correlation of 210Pb with 7Be (Figure 2) indicates that a
large fraction of air is probably continental rather than oceanic.

The analysis of water samples from Galveston Bay showed that most of the 7Be
(between 74 and 86% of the total) as well as 210Pb (between 77 and 90%) were
associated with particles. We expect that the transport of many other particle-
reactive trace metals with similar particle-water distribution coefficients (Kd) as
that of Pb and Be will also be controlled by the rates of particle movements. The Kd

of 7Be varied between 3 and 12 X 105 cm3/g. This value is 1-2 orders of magnitude
higher than some of the values reported by other workers. Kd values for 210Pb
varied between 2.3 and 8.6 X 105 cm3/g. Further studies to understand the
decrease in Kd values with increasing particle concentration are in progress.
Preliminary results indicate that 7Be and 210Pb have total removal residence
times in the water of Galveston Bay which are of similar magnitude as those of
the strongly particle-reactive 234Th.

- 111 -



Tracer Gas Transfer Technique for Shallow Bays

Edward R. Holley
Center for Research in Water Resources, The University of Texas at Austin

Modeling the transport and fate of dissolved pollutants in Galveston Bay and other
bodies of water depends on many factors. Among these factors are the features
which influence the hydrodynamics (such as the bathymetry, wind and current
patterns, tidal conditions, etc.) and the factors which influence the pollutant
relative to the hydrodynamics (such as mixing and diffusion, biological and
chemical processes, and physical-chemical processes such as adsorption and
volatilization). This research was directed at developing a method for field
measurement of volatilization of dissolved substances.

The tracer gas technique was originally developed in the mid-1960s for rivers to
provide a means for directly measuring surface gas transfer for situations where
reaeration was the primary transfer process of interest. In the method, a
conservative tracer and a tracer gas with surface gas transfer characteristics
similar to oxygen are simultaneously injected into the river. The two most
commonly used gas and conservative tracer pairs are propane with Rhodamine
WT and radioactive krypton with trivium. As the tracers move downstream, the
concentrations of the tracer gas change due to dilution, mixing, and surface
transfer, while the concentrations of the conservative tracer change due to only
dilution and mixing. With simultaneous measurements for the two tracers, the
conservative tracer can be used to compensate for the effects of dilution and
mixing so that the surface transfer of the tracer gas can be isolated. Field
techniques exist for narrow rivers where the concentration distributions are
essentially one dimensional and for wider rivers with two-dimensional
distributions. The techniques use either short-duration releases, giving tracer
clouds which move downstream, or long-duration releases, giving steady-state
tracer distributions. Little previous work has been done on developing field
methods for determination of gas transfer coefficients for bays.

The tracer gas method has also been of interest in recent years in conjunction
with determining volatilization rate coefficients for some types of volatile dissolved
toxicants. Although there is sometimes a need to know reaeration rates for bays,
it was primarily the interests related to volatilization that prompted this research
into the development of tracer gas techniques which can be used in bays. The
research used propane and Rhodamine WT as the tracers and included both
laboratory and field studies.

The laboratory part of the work was directed at improving the methods for
measuring dissolved propane concentrations and at investigating the influence of
salinity on the ratio of transfer coefficients for the tracer gas and other gases.

This paper will emphasize the field work, which was the primary part of the
work. The developmental field tests were conducted in Lavaca Bay, which is a
secondary embayment in the northerly section of the Matagorda Bay system. The
same techniques are applicable to Galveston Bay. In the field tests, propane is
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dissolved in the bay water by bubbling the gas through porous stone diffusers.

The first field tests were directed at evaluating the relative benefits of short- and
long-duration injections. For long-duration injections, the travel time must be
known for the samples which are collected for concentration determination. Both
drogues and a second fluorescent tracer were tried for determining travel times.
Neither method was satisfactory. Also, reversing tidal flows can cause the tracer
plume to double back on itself. Thus, it was decided to use short-duration (15 to 20
minute) injections. During the tests it was observed that if vertical density
gradients are present, the rising bubbles cause mixing of the heavier lower and
lighter upper water and thereby cause the tracers to gradually sink below the
surface. To prevent this problem, a special injection box was built to allow mixing
of the tracers during the injection with only the water near the surface. The
downward migration of the tracers then is due to only mixing and not density
currents. The first tests were also used to determine the time for the tracers to
become mixed in the vertical direction. The tidally induced velocities are small
(on the order of a few hundred feet per hour) and are less effective than wind-
induced mixing. For water up to 6 ft deep and wind speeds up to 25 mph, it was
found that the vertical mixing times varied in the range of approximately one to
four hours.

The next sets of tests were aimed at developing methods of sampling the tracer
cloud to obtain reliable and consistent results. The first plan was to mark spots in
the cloud and to collect samples along vertical profiles at essentially the same
relative positions in the cloud each time, with samples being collected at 45-
minute to one-hour intervals. Because of the problems mentioned above with
drogues and second tracers, no satisfactory method was found for marking a part
of the cloud. Thus, mathematical modeling was done as an aid to understanding
the transport process and to developing field techniques. It was determined that
the surface transfer coefficient can be calculated from measurements made at the
points of maximum concentration at various depths in the water column, after
vertical mixing has been achieved. In the field tests, sampling is done at a variety
of horizontal points in the cloud and also for different depths within the cloud, in
order to locate the points of maximum concentration.

Most of the research was directed at developing field methods, but some limited
quantitative results were obtained. These results indicate that the surface gas
transfer coefficients for a given wind speed for shallow bays are smaller than
would be predicted based on data from either the open sea or from laboratory
experiments.
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Status and Trends of Galveston Bay Wetland Habitats

E. G. Wermund
Bureau of Economic Geology, the University of Texas at Austin

and
Lawrence R. Handley

National Wetlands Research Center, U.S. Fish and Wildlife Service

The Scientific/Technical Advisory Committee of the Galveston Bay National
Estuary Program (GBNEP) recognized the status of wetland habitats as a high-
priority problem in characterizing the living resources of the Galveston Bay
system, because the distribution and extent of wetland and aquatic habitats
commonly reflect many other components of the ecosystem. Wetland and aquatic
habitats are the principal nursery grounds for most occupants of the ecosystem,
and they are the home of many mature biota as well. Knowledge of the present
distribution of wetland and aquatic habitats and historical alterations of their
locations is critical to managers who plan stabilization of these habitats for the
future.

For this Galveston Bay system study, the objectives were:

1. To provide a bibliography of wetland and aquatic habitat
references and an inventory of available aerial photographs of the
shorelines;

2. To produce 1956, 1979, and 1989 habitat maps in digital line graph
format from aerial photographic interpretation;

3. To determine the detailed wetland assemblages with surface
traverses in the field and to conduct ground-truth studies of map
photointerpretation;

4. To analyze trends of habitat gains and losses among 1956, 1979,
and 1989 mapped habitat distributions; and

5. To explain causes of wetlands changes to provide models for
wetlands management.

This project is designed to determine historical trends and current status of
Galveston Bay habitats, including wetlands surrounding the bay itself, fringing
fresh, brackish, and salt marshes, intertidal habitats, and submerged aquatic
habitats including sea grasses. The project will provide geographic information
system (GIS) data sets consisting of electronic information overlays
corresponding to mapped habitat features. This system is expected to become a
flexible and valuable management tool for future use by resource agencies.

The study will be based on analyses of high-altitude aerial photographs available
for 1956, 1979, 1987, and 1989. In particular, analyses of most recent aerial
photographs will be compared with habitat analyses previously conducted by the
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Figure 1. The 30 l:24,000-scale topographic quadrangles that cover the Galveston Bay system and
on which wetlands identified on 1989 aerial photographs will be mapped.

U.S. Fish and Wildlife Service (USFWS) based on the photos from 1956 and 1979.
The study area will correspond to the 30 quadrangle maps utilized by the USFWS
in these previous studies (Fig. 1).

Areal extent of the various habitat types, classified after Cowardin et al. (1979),
will be defined and verified by conducting ground-truth studies of plant species
associations and by conducting interviews with persons familiar with the
habitats. These studies will help determine the degree to which species
associations can be differentiated by use of aerial photographs.

Results will be compiled in digital form and summarized in both map and written
form. Maps will be digitized for incorporation into a GIS, whereby the recognized
habitat types and other geographic features can be manipulated as information
overlays, and whereby scaling and selection features will allow portions of the
estuary to be electronically selected for specific analysis.
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Results to Date

All literature on wetland and aquatic habitats of the Galveston Bay system were
located, placed into a computerized database on microcomputers, and printed as a
bibliography. A helpful source of literature was the Galveston Bay Bibliography at
the Galveston Bay Information Center; all pertinent citations in the files of the
Galveston Bay Bibliography were added to the system at the Bureau of Economic
Geology.

All available photographs for the Galveston Bay system were inventoried. The
inventoried area included 30 U.S. Geological Survey (USGS) l:24,000-scale
quadrangle maps, or four l:100,000-scale quadrangles. The primary source for
information on aerial photographs was the Texas Natural Resources Information
System (TNRIS). Additional sources of photographs not in the TNRIS inventory
were the General Land Office, Texas Department of Highways and Public
Transportation, and private aerial photography companies.

Field transects were surveyed to establish a method for identifying representative
wetland species communities and to relate community variations to elevation,
soils, and salinity. Additional parameters that control species assemblages were
examined. Representative plant communities were surveyed to help define the
limits to which photointerpreters could identify and delineate specific
communities.

The National Wetlands Research Center (NWRC) developed a Task Order with the
National Wetlands Inventory (NWI) for the photointerpretation and mapping of
the wetland and upland habitats for 30 USGS quadrangles (1:24,000) surrounding
Galveston Bay. Photo preparation included: (1) indexing the photographs at
NWRC on l:250,000-scale maps; (2) determining photographic coverage of the 30
l:24,000-scale quadrangles to be completed; (3) preparing photos with overlays and
delineating areas of quadrangle coverage; and (4) previewing the photos for a pre-
photointerpretation field trip.

Upon completion of the photo preparation, a five-day field trip was made around
the Galveston Bay area to establish signatures for wetland and upland habitat
types. Researchers correlated plant communities with aerial photographic
signatures and related the quantitatively-defined plant communities to various
water and salinity regimes.

The photointerpretation of wetland and upland habitats from 1989 color-infrared
aerial photographs is underway for the ten quadrangles agreed upon as initial
areas for review. Photointerpretation of the San Luis Pass and Christmas Point
quadrangles has been completed. USFWS expects photointerpretation of all ten
quadrangles to be completed for review by early February, 1991.

The NWI 1956 and 1979 digital habitat data were converted for 30 quadrangles.
The data were originally digitized and analyzed by the USFWS using the Wetlands
Analytical Mapping System (WAMS) and the Map Overlay and Statistical System
(MOSS) on a mainframe computer. For delivery to the GBNEP, the data were
converted from a 1980 version to a 1990 version of MOSS on the computer now used
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at the NWRC. The data were then converted from a MOSS format to a digital line
graph format, which has been converted to a format usable by Texas State
agencies.

Utility

The analysis of wetland and aquatic habitats will be a major component of the
GBNEP's Comprehensive Conservation Management Plan (CCMP), which must
be completed for the U.S. Environmental Protection Agency (EPA) in 1994.
Fortunately, the USFWS and the Bureau of Economic Geology previously mapped
the distribution of wetland and aquatic habitats on 1956 and 1979 aerial
photographs (Fisher et al., 1972; U.S. Fish and Wildlife Service, 1982; White et al,
1985; and Pulich and White, 1990). Mapping techniques are therefore established,
1989 aerial color-infrared photographs are available, and digital graphic trend
analysis is a well-established technology. These aspects of the work will permit
the preparation of 1989 status maps for the wetlands and trend analyses of
distributive changes for the periods: 1956 to 1979, 1956 to 1989, and 1979 to 1989.
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Galveston Bay Habitats:
Structure and Function in Relation to Fisheries Production

Roger Zimmerman, Peter Sheridan, Thomas Minello, and Thomas Czapla
National Marine Fisheries Service, Galveston Laboratory

Galveston Bay research of the NMFS Galveston Laboratory addresses
relationships between estuarine environments and fisheries production. Current
projects involve: 1) evaluation of habitat utilization by fishery species; 2)
determination of factors affecting abundances of juveniles; 3) creation of salt
marshes that benefit fisheries; and 4) development of estuarine information and
data inventories.

Comparative Utilization Among Habitats

This project was designed to characterize faunal utilization of shallow water
habitats in Galveston Bay (from the Trinity River delta to Christmas Bay (Figure
1). To accomplish this work, Zimmerman, Minello and Zamora (1984) developed a
2.6 m^ drop trap sampling method that measures densities of shrimps, crabs and
fishes for equitable comparison among a variety habitats. Marshes, submerged
aquatic vegetation (SAV), oyster reefs, and bare mud and sand bottoms have been
compared for utilization by fishery juveniles using this method (Zimmerman and
Minello, 1984; Zimmerman, Minello, Baumer and Castiglione, 1990). Densities of
known prey species (benthic epifauna and infauna) were measured from
sediment cores taken in each drop trap sample, to determine predator-prey
abundance relationships. Water quality and vegetational parameters were
measured to complete habitat characterization. The work incorporates
manipulative laboratory and field experiments on the effects of predators, food,
salinity and hydroperiod on habitat utilization. These studies represent the first
steps toward understanding functions of estuarine habitats in Galveston Bay for
fishery species. Coupled with trend assessments of habitat degradation, these
data are being used to establish procedures for conservation of essential habitats
for fishery species in Galveston Bay. Results to date indicate high degree of
utilization in lower and mid-bay habitats (Zimmerman, Minello, Castiglione and
Smith, 1990) and emphasize the importance of marsh and seagrass areas as
nurseries (Minello and Zimmerman, 1983; Minello, Zimmerman and Barrick,
1990; Thomas, Zimmerman and Minello, 1990).

Factors Affecting Abundances of Fisheries Species

Another key research problem is the affect of the physical environment on
relationships among abundance, growth and survival of estuarine-dependent
fisheries species. Important species in Galveston Bay include brown shrimp
(Penaeus aztecus), white shrimp (Penaeus setiferus), pink shrimp (Penaeus
duorarum), blue crab (Callinectes sapidus), red drum (Sciaenops ocellatus),
southern flounder (Paralichthys lethostigma) and spotted seatrout (Cynoscion
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Figure 1. Salinity regimes and NMFS marsh study sites in Galveston Bay.
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nebulosus). In the past, this work has collectively employed otter trawls
(Sheridan, 1983), the hand-pulled Renfro beam trawl, and drop trap sampling to
estimate abundances of fishes and shrimps. Work using drop trap sampling at a
marsh on Galveston Island has concentrated on baseline measurements since
1982. At this site, animal abundances are monitored monthly as field
instruments continuously record temperature, salinity, dissolved oxygen and tide
level. In other work, the spring influx of postlarval brown shrimp through
Galveston Pass is monitored using a Renfro beam trawl, continuing from the
work of Baxter and Renfro (1967). Findings to date reveal many details of how
fishery production depends upon factors which vary annually and may change
over the long term, including: strength of annual recruitment of immigrating
postlarvae, predation pressure, prey abundances, density of competitors (inter-
and intraspecific), habitat change, meteorological effects and variability of tides.
These data and information from the bait fishery in Galveston Bay (Baxter, Furr
and Scott, 1988) make possible yearly forecasts of yields for the Texas brown
shrimp fishery (Klima, Baxter and Patella, 1982). It is anticipated that correlative
analyses of abundance patterns and environmental conditions will contribute to
similar forecasts for other species in the future.

Salt Marsh Creation

Several NMFS projects address the value of transplanted salt marshes for fishery
species (Minello, Zimmerman and Klima, 1987). One valuable demonstration is
that increasing marsh-to-water edge in transplanted marshes can enhance
marsh utilization by many fish species. Another project evaluates the functional
development and equivalency of created salt marshes compared with natural salt
marshes. At present, five natural and ten transplanted salt marshes are being
compared for overall morphology, hydroperiod, slope, elevation, amount of
marsh/water edge, percent of open water, sediment organic content, sediment
grain size, growth of Spartina alterniflora (plant height, density, and above and
below ground biomass), benthic and epiphytic algae (chlorophyll a, taxonomic
composition) and densities of meiofauna, macro-infauna, and natant
macrofauna. Caging techniques are being used to compare marshes on the basis
of benthic infaunal productivity, predation pressure on infauna, and growth of
penaeid shrimp. These experiments will determine whether differences exist in
the ability of the marshes to support secondary productivity and whether habitat
conservation and management should include marsh creation.

National Estuarine Inventory

Galveston Bay is also included as a component of the National Estuarine
Inventory Living Marine Resources Project under development by NOAA's
National Ocean Service. This program is designed to enhance our knowledge of
species distributions and abundances by compiling previous research from
literature and available data bases into a user-friendly database management
system. Data on abundances of fishes and invertebrates, spatial and temporal
distributions, and occurrences of different life stages are being compiled for the
estuaries of the central and western Gulf of Mexico. Species profiles are
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underway that emphasize relationships to estuarine habitats.
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Status and Trends Analysis of
Oyster Reef Habitat in Galveston Bay

Eric N. Powell
Department of Oceanography, Texas A&M University

and
Thomas M. Soniat

Department of Biology, University of New Orleans

The purpose of this Galveston Bay National Estuary Program (GBNEP) study is to
describe the status and trends of oyster (Crassostrea virginicd) populations in
Galveston Bay. The study consists of three primary tasks: the cumulation of
historical data on oyster populations in Galveston Bay; the mapping of the extant
oyster bottom in greater Galveston Bay including East and West Bays; and the
assessment of the health of oyster populations.

All significant oyster reefs in Galveston Bay are being surveyed for their location,
relief, and areal extent. The oyster reef survey requires the simultaneous
collection of three types of data: (1) position and relief; (2) bottom type; and (3)
verification of bottom type. Mapping of the extant oyster bottom will utilize
continuous seismic survey techniques plus ground-truthing by tong or dredge
coupled with state-of-the-art navigation. The seismic instrument combines a 22
kilohertz and 300 kilohertz transducer capable of distinguishing reef from soft-
bottom while continuously underway. The navigational technique used is GPS
(global positioning system).

Thirty to fifty sites are to be sampled in the Galveston Bay system for the health
assessment. These sites will be sampled using a measured dredge haul obtained
by GPS navigation, normalized by on-bottom time. A tripartite sampling
approach will be used to assess the health of the oyster populations:

1. Community-based health assessments at each site will include:
A. shell volume and number of boxes
B. size-frequency
C. predator abundance

2. Health assessments for 20 to 30 individual oysters will be obtained
at each site and will include:
A. condition index;
B. condition rating (after Mackin);
C. gonadal thickness and sex;
D. Perkinsus marinus infection intensity

3. A more detailed health assessment will be made on some
individuals at selected sites and will include:
A. histopathological analysis;
B. histological gonadal index

In the context of the GBNEP program, four to six sites in Galveston Bay have been

- 125-



sampled each year for the last five years under NOAA's Status and Trends
Mussel Watch Program, along with sites in all other major bay systems of the
Gulf of Mexico. Perkinsus marinus prevalence and infection intensity have been
measured at each site. The data permit a comparison between the prevalence of
P. marinus in Galveston Bay and in the remainder of the Gulf of Mexico.

Median infection intensity and prevalence were highest at sites on the north-
central Texas coast, the Barataria Bay area of Louisiana, and southern Florida.
Galveston Bay is one of three centers of infection of this disease in the Gulf of
Mexico, the other two being Barataria Bay, Louisiana and Tampa Bay, Florida.
The intensity of P. marinus infection did not vary with sex or stage of reproductive
development. However, P. marinus was at its seasonal low for infection intensity
and oysters were taken very early in the reproductive season. Comparison of the
distribution of P. marinus among the Gulf bay systems indicates that centers of
infection are associated with areas of high industrial land use and typically with
oysters having higher than average body burdens of petroleum aromatic
hydrocarbons and metals. Analysis of trends indicates that P. marinus responds
to the El Nino/Southern Oscillation cycle in the eastern Gulf of Mexico and
probably to a related climatic cycle in the western Gulf of Mexico.

In connection with the Texas Sea Grant program, a time-dependent model has
been developed to assess the response of oyster populations to environmental
variables and to determine the importance of population density in optimizing
yield under varying climatic and hydrologic conditions. Initial simulations have
been directed at Galveston Bay. Food supply in a typical Gulf of Mexico bay,
Galveston Bay, would appear to be just adequate in most years to maintain a
healthy, productive oyster population. Any decline in food supply, by reduced food
content, lower current velocity, lower temperature, or increased population
density, dramatically reduces oyster yield and can eliminate reproductive
capacity. The effect of temperature on filtration rate exerts an overriding
influence, establishing, much more so than respiration, the energy balance of the
organism, one important aspect is the effect of latitude on population productivity
and reproductive capacity. The effect of decreased food supply, for any reason, is
felt more strongly at higher latitudes. In particular, higher winter temperatures
can maintain higher productivity despite lower winter food supplies because
filtration rates remain relatively high. Large adult oysters probably have a
negative energy balance during the winter in colder climes, except under the
most favorable of food supply conditions. By contrast, higher temperatures at
lower latitudes reduces somatic growth and, consequently, yield because more of
the yearly net productivity is expended in reproduction.
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Status of Submerged Vegetation in the Galveston Bay System

Warren Pulich Jr.
Texas Parks & Wildlife Department

and
William A. White

Bureau of Economic Geology, University of Texas at Austin
and

Marie Castiglione and Roger J. Zimmerman
National Marine Fisheries Service

Submerged vascular plants (SV) provide valuable nursery habitat, organic
production, and bottom stability in the estuarine environment. This aquatic
vegetation is specially-adapted to estuarine factors which do not significantly
impact emergent wetland species, and these physical and water quality growth
requirements place strict limits on SV distribution and abundance. Despite
documented cases of large-scale changes in SV habitat in other major estuaries,
studies on Galveston Bay SV are limited. This report reviews the current status
of SV communities throughout the bay and summarizes historical changes and
impacts from environmental factors. It includes different SV types in three
distinct regions of the bay system (Figure 1): (1) freshwater to oligohaline sites in
the Trinity River Delta; (2) mesohaline environment of Trinity Bay proper; and (3)
the polyhaline lower-bay environment of West and Christmas Bays.

Trinity River Delta

Two species of SV, Ruppia maritima (widgeongrass) and Najas guadalupensis
(water nymph), were described by Benton et al. (1979) for some delta interior lakes.
White et al. (1985) reported only Ruppia from the upper Trinity Bay area. The U.S.
Fish and Wildlife Service National Wetland Inventory Program did not delineate
SV distribution in their 1979 survey. Recently, the photography from the Benton et
al. (1979) study was re-examined, and large beds of unidentified SV were observed
near Southwest Pass and Jacks Pass (Pulich and Zimmerman, unpubl.; Figure
2). These beds were seen in the September 1978, but not the November sequences
of photographs. White et al. (1985) actually mapped grass flat habitat at several of
these locations based on 1979 photography. However, ground truth at these sites
was not established in these earlier mapping studies. Despite lack of
confirmation of species' identity, reports of occurrence of SV beds in this area
dating back 25 to 30 years have also circulated among local fishermen and area
residents.

Field surveys over the 1986 to 1990 period by Zimmerman, White, and Pulich have
documented an abundance of Vallisneria americana (wild celery) and
Potamogeton pusillus (pondweed) in many of these areas, in addition to Ruppia
and Najas (Figure 2). Vallisneria was restricted exclusively to subtidal water
depths (ca -0.2 to -0.8 m mean low water [MLW]), while the other species occurred
in the shallower, intertidal zone. In the intertidal zone, Eleocharis parvula
(dwarf spikerush) was also dominant at times. Seasonal biomass sampling
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Figure 1. Map of Galveston Bay system comparing locations of submerged vegetation in 1956 and
1987. (Taken from Pulich and White, 1991, in press).

Vallisneria coverage is not available because of lack of adequate photography.
Peak biomass values (gm dry weight per sq. meter) occurred at different times of
the year: Vallisneria (47 -205 gm total in October); Ruppia (30 gm total in July);
Najas (69 gm total in July); and Potamogeton (70 gm total in July). The response
of species to salinity regimes during 1987 and 1988 was significant. Although
salinities at study sites during 1987 ranged from 0 to 0.7 ppt and during 1988
ranged from two to 13 ppt, maximum Vallisneria production was high both years
(200 gm per sq. meter in 1988). Substantial standing crops of all plant species
were consumed by grazing waterfowl (ducks and coots), contributing to their
rapid disappearance in mid-fall. Zimmerman et al. (1990) also showed
preferential use of SV beds by fishery species compared to adjacent unvegetated
substrate during late summer and fall periods.

These species are typical of a fluvial deltaic system characterized by high
freshwater inflows and sediment deposition from the Trinity River. SV beds are
mostly located in the more protected interdistributary areas of the delta. These
areas reflect low rates of erosion (Paine and Morton, 1986) and low turbidity,
conditions which are conducive to SV growth.
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Figure 2. Map of Trinity River delta area showing main locations of submerged vegetation
during 1987-1988.

Trinity and Upper Galveston Bay

Ruppia maritime, historically occurred in upper Galveston Bay on the western
shore from San Leon north to Seabrook and then to Pasadena (Figure 1). Today
these grass beds are gone. Texas Parks and Wildlife Department (TPWD)
personnel documented the decline and final disappearance of this SV in the early
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1960s. Pullen (1961) and R. Hofstetter (pers. comrn., 1989) provided evidence that
Hurricane Carla physically uprooted and destroyed most of the remaining SV
near Seabrook in September of 1961. Currently Ruppia still occurs in significant
beds on the north shoreline of Trinity Bay near Cedar Bayou and on the eastern
shoreline between the Trinity Delta and Double Bayou (Figure 1). These beds have
been observed for many years, and impacts have been cited in reports by Pullen
(1961) and Johnson (1974).

Pulich and White (in press) reviewed the interactive effects of physical processes,
including subsidence, shoreline erosion, and Hurricane Carla, on SV near
Seabrook. The disappearance of SV was correlated with impacts from physical
and hydrographic factors. Human-induced land subsidence was centered along
the Seabrook shoreline in the late 1950s and shoreline erosion has also increased
there. The resulting increase in nearshore water depths placed the SV under
considerable stress and left it susceptible to a catastrophic event such as
Hurricane Carla. The exposed, unprotected shoreline took the full force of
hurricane winds and fetch late in the annual growing season of 1961. With the
destruction of SV in the fall and a winter of erosion and high wave energy along
this shoreline, suitable SV habitat and a source of plant material was effectively
removed. Evidence for this scenario is provided by the protected areas on the
eastern shoreline across Trinity Bay which still support Ruppia.

West and Christmas Bays

True seagrasses have historically dominated in the polyhaline environment
(salinity range 18 to 30 ppt) of the lower bay (West and Christmas Bays). Typical
polyhaline salinities there have favored Halodule wrightii (shoalgrass) as a
perennial dominant from the mid-1950s (West, 1973; White, et al. 1985). Until the
mid-1970s, biologists from Texas A&M University regularly reported that
Thalassia testudinum (turtlegrass) was also found in small patches in lower
West Bay (fide, Kirk Strawn). In some years, significant amounts of R. maritima
occurred around West Bay. Recent surveys by Zimmerman, Pulich, and White in
1987, 1988, and 1989 have revealed that major seagrass habitat exists only in
Christmas Bay; all previously known beds in West Bay had been lost. Mapping
studies showed ca 190 acres of SV in Christmas Bay, comprised of mostly
Halodule; but substantial amounts of Halophila engelmanni (clovergrass) and a
few small patches (ca 1/4 acre) of Thalassia were also located (Pulich and White,
in press).

Pulich and White (in press) documented the chronology of seagrass decline for
West Bay using definitive aerial photography from 1956, 1965, 1975, and 1987.
Losses were correlated with critical physical and hydrographic factors including
shoreline erosion, dredging and island development activities, and water quality
degradation. Rates of shoreline erosion along Galveston Island increased during
the period 1930 to 1982 more than any other place in Galveston Bay, and much of
the change occurred between 1956 and 1982. Dredging of channels in nearshore
areas probably enhanced erosion. In addition, spoil material from dredging was
often disposed of in open water areas, burying adjacent seagrass beds and
producing high levels of turbidity. The progression of dredged channels and
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Galveston Island residential waterfront developments showed substantial
increases between 1956-1965 and 1965-1975, coinciding with the decline of SV in
West Bay.

Water quality degradation appears related to Galveston Island development
projects, noxious effluent discharges and chemical spills. A scenario for SV
decline was evaluated which compared water quality parameters between West
and Christmas Bays (Pulich and White, in press). Five secondary treatment
plants have been permitted on Galveston Island, while none discharges into
Christmas Bay. While little evidence was found for increased levels of turbidity or
total suspended solids in West Bay, some data were obtained from the Texas
Water Commission database for higher chlorophyll a levels in West Bay compared
to Christmas Bay between 1972 and 1980. Excessive nutrient loading can stress
SV by stimulating growth of epiphytic and planktonic algae, which reduce the
amount of light available to SV leaves. In addition, truly eutrophic conditions can
produce anoxic waters, especially during warm, calm weather. Anoxia produced
by such episodic events may have ultimately decimated many of the West Bay
seagrass beds.
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An Environmental Inventory of the
Armand Bayou Coastal Preserve

Robert W. McFarlane
Galveston Bay Foundation

The goal of this report was to gather and integrate existing data, identify data
gaps, and describe the environmental attributes of Armand Bayou relevant to the
development of a management plan for the Armand Bayou Coastal Preserve.
Armand Bayou can be influenced by events anywhere within, as well as beyond,
its watershed.

The physical characteristics of the coastal preserve area have changed drastically
due to five to nine feet of land-surface subsidence across the watershed since 1906.
The lower reach of the bayou has changed from a wetland-bordered freshwater
stream to a brackish tidal lake nearly devoid of wetlands. Mud Lake has
expanded from 100 acres in 1956 to more than 325 acres today. All of the 275 acres
of wetlands present in 1956 have been lost; replacement wetlands, of a different
nature, amount to 24 acres, for a net loss of 91 percent.

The water quality of Armand Bayou is poor. It is ranked as the second-highest
stream on the Texas coast for hypoxia, a condition of low oxygen produced by
algae responding to elevated nutrient levels. Annual and monthly levels for total
and ortho- phosphorus are persistently above thresholds characteristic of
eutrophic streams. Ammonia and nitrate nitrogen exceed eutrophic thresholds
during the cooler months but appear to be removed from the bayou by accelerated
algal growth during warm months. Fecal coliform bacteria are a problem of long
standing. No investigation of toxicants in the water or sediments has been
undertaken.

The 60 square mile (38,400 acre) watershed receives 48 inches of rainfall annually
and contributes approximately 80,000 acre-feet (71.4 million gallons per day, mgd)
of freshwater inflow to Clear Lake. This rainfall varies greatly, even between
localities very close together, and episodes of exceptionally heavy precipitation
occur. Most of the watershed lies within the city limits of Pasadena, Deer Park, La
Porte and Houston and has 38 percent residential-urban and six percent
industrial land use. Point source discharges have declined in number, from six
to three, but the volume of wastewater discharged has increased 35 percent, to 6.2
mgd, over the past decade. Point source stormwater discharges were 1.8 mgd in
1989.

Controversial issues in recent years have involved the accelerated and increased
delivery of residential-area stormwater to the bayou and the removal of irrigation
water from the bayou. The current water quality monitoring station at Bay Area
Boulevard does not reflect the input of nutrients and pollutants from Horsepen
Bayou, a major tributary which receives the bulk of treated wastewater effluent
discharged into the bayou. The quarterly or semi-annual monitoring of recent
years is inadequate to determine stream conditions. A 24-hour water quality
survey during the warm season is needed to determine the extent of oxygen sag
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during hours of darkness. An additional monitoring station that will reflect the
contribution of pollutants from Horsepen Bayou is needed. Monthly sampling
should be resumed for two to three years to establish an adequate baseline of
information. An investigation of toxicants in water and sediment samples should
be conducted.

The flora and fauna of Armand Bayou are poorly known and population trends
cannot be determined from existing data. The freshwater biota upstream of Bay
Area Boulevard, and in the tributaries, is virtually unknown. The lower reach is
potentially a valuable nursery habitat for certain commercial and recreational
finfish and shellfishes. A survey of these species in Mud Lake should be
undertaken. The extent of bottomland forest flooding and value of this forest
habitat as a contributor of detritus and nutrients, and as a sink for nutrients and
pollutants, should be determined.
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An Environmental Inventory of the
Christinas Bay Coastal Preserve

Robert W. McFarlane
Galveston Bay Foundation

The goal of this report was to gather and integrate existing data, identify data
gaps, and describe the environmental attributes of Christmas Bay relevant to the
development of a management plan for the Christmas Bay Coastal Preserve.
Christmas Bay can be influenced by events anywhere within its watershed.

Christmas Bay remains a near-pristine, 5,660-acre habitat worthy of Coastal
Preserve protection. There are no known water quality problems, nor indications
of potential water quality problems, in Christmas, Drum, or Bastrop Bays. The
current water quality monitoring program is inadequate, however, in that the
monitoring station at Christmas Point does not reflect conditions within
Christmas Bay and samples are collected infrequently. Freshwater inflow is
estimated to be 63,500 acre-feet per year, with point source discharges from
permitted outfalls contributing 7.7 percent of the volume. It is recommended that
one or more additional water quality monitoring stations be established.
Sampling should be conducted monthly for at least two years to establish current
baseline conditions, and quarterly, at a minimum, thereafter.

Christmas Bay is inhabited by 96 fish species, 68 crustacean species, 140 mollusk
species, and numerous other invertebrate animals. Existing fisheries data,
collected for other purposes, is inadequate to determine fisheries trends within
Christmas Bay. The Christmas Bay complex is an important finfish and
shellfish nursery area and a monitoring program designed specifically for the
complex would provide useful information regarding the natural variability in
fisheries productivity.

Christmas Bay harbors eight endangered or threatened species - bald eagle
(Haliaeetus leucocephalus), brown pelican (Pelecanus occidentalism, peregrine
falcon (Falco peregrinus}, whooping crane (Grus americana}, piping plover
(Charadrius melodus), reddish egret (Dichromanassa rufescens), white-faced
ibis (Plegadus chihi), and green sea turtle (Chelonia mydas) - while three
additional species - wood stork (Mycteria americana), white-tailed hawk (Buteo
albicaudatus), and swallow-tailed kite (Elanoides forficatus) - inhabit the adjacent
Brazoria National Wildlife Refuge. Seven waterbird nesting colonies surround
the bay. Potential exists to create a colonial bird nesting island, of sufficient
elevation and vegetated with suitable substrate, to stabilize and enhance colonial
wading bird productivity.

The peripheral emergent wetlands experienced a 8.4 percent loss in total acreage
of emergent vegetation between 1956 (4,701 acres) and 1979 (4304 acres). However,
changes in wetland vegetation type are difficult to interpret from the existing
wetland maps. The seagrass meadows, composed of four species - shoal grass
(Diplanthera wrightii), widgeon grass (Ruppia maritima), clover grass
(Halophila engelmanni), and turtle grass (Thalassia testudinum) - are the most
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valuable and productive habitat associated with the bay. Only widgeon grass is
found elsewhere in the Galveston Bay ecosystem. The seagrass meadows have
declined 36 percent in area, from 299 acres in 1956 to 191 acres in 1987, at an
average rate of 3.5 acres per year. Studies should be undertaken to establish the
relative abundance and seasonal dominance of these four species of submerged
aquatic vegetation, for the extinction of turtle grass and clover grass may be
eminent.

The 12,199-acre Brazoria National Wildlife Refuge has been a major, positive
influence on the health and maintenance of the Christmas Bay ecosystem. The
planned addition of 30,000 acres to the refuge will bring all of the Bastrop Bay
shoreline into public ownership and further bay preservation. The presence of a
hundred authorized cabins within the ecosystem has a negative impact on
waterbird colonies, seagrass meadows, oyster reefs, and visual aesthetics.

Bastrop Bayou, Bastrop Bay, Drum Bay, Christmas Bay and Cold Pass function as
an integral ecosystem. Drum Bay and Bastrop Bay would be valuable additions to
the Christmas Bay Coastal Preserve.
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Advance Identification Study of Bolivar Flats

Norman Sears
Region 6, U. S. Environmental Protection Agency

Bolivar Flats is a wetland complex of marsh, tidal flats and shallow water located
at the southwestern tip of Bolivar Peninsula in Galveston County, Texas. The
area is known as a feeding area for large numbers of migratory shorebirds, and
receives considerable human recreational use. The Environmental Protection
Agency (EPA), in cooperation with other agencies, is conducting an Advance
Identification (ADID) study on Bolivar Flats. The purpose of an ADID is to
document the values and functions of selected wetlands areas and make the
results available to the public. This information may be used in resource
planning or regulatory decision-making, such as in Section 404 (dredge and fill)
permit applications.

The ADID study utilized data on birds, benthos, fisheries, and human use. (Data
were either previously existing or collected by other agencies for EPA). Bird use
data includes surveys done from 1980-1989. Benthic data was collected in 1981-82;
fisheries data in 1988. Human use surveys were done in 1981-82 and in 1988.

Bird surveys were made by scanning the flats with binoculars or spotting scope,
identifying all species and counting all birds seen, estimating large numbers by
eye. A total of 70 surveys were taken over 10 years by the U. S. Fish and Wildlife
Service (USFWS). Surveys were not always regular, but most seasons were
represented. The benthic survey was taken along a 500 m transect from the beach
to about 50 cm depth msl. Monthly samples were taken by Ekman dredge
collections of the top four cm of substrate, and individuals were picked, identified,
and counted. A non-quantitative fish survey was conducted by the USFWS and
Texas Parks and Wildlife Department (TPWD). The human use survey included
type of use and number of people involved in a given use.

These data were utilized by the EPA to perform a Wetland Evaluation Technique,
Version 2 (WET) to document all wetland functions and values. WET is a
procedure designed to estimate the probability that a function or value will exist or
occur in the wetland to an unspecified magnitude. WET evaluates the following
functions and values: ground water recharge and discharge; flood flow alteration;
sediment stabilization; sediment and toxicant retention; nutrient removal and
transformation; production export; wildlife and aquatic diversity and abundance;
uniqueness and heritage, and recreation. WET evaluates functions and values in
terms of social significance, effectiveness (capability to perform a function), and
opportunity to perform a function.

WET evaluates functions and values by characterizing the wetland in terms of
predictors. Predictors are variables that are believed to correlate with the
characteristics of the wetland and its surroundings. Responses to a series of
questions are analyzed in a series of interpretation keys that reflect the
relationship between predictors and wetland functions of values as defined in the
technical literature. The keys assign a qualitative probability rating of HIGH,
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MODERATE, or LOW to each function and value in terms of social significance,
effectiveness, and opportunity.

Results

The most important bird groups were shorebirds (sandpipers, plovers, and
avocets), gulls and allies (e.g., terns and skimmers), and large waders (herons,
ibises, and spoonbills). Most shorebirds were migratory and used the exposed
flats for feeding during the winter stopover. Large waders fed in shallow water;
gulls and allies used the flats mainly for roosting or loafing. Although there is
considerable annual variation, peak use for shorebirds was in winter and early
spring. The most abundant species were avocets (average annual peak 3,000),
peeps (mostly western sandpipers, 2,400 peak), and dunlins (1,300 peak). Bolivar
Flats may also be an important wintering area for the threatened piping plover.
Piping plovers were seen regularly every year in considerable numbers (30-300).

Benthic macroinvertebrates were primarily polychaete worms (by numbers).
There was low benthic diversity, with three species (Streblospio benedicti,
Capitella capitata, and Scololplos foliosus) accounting for most of the organisms.
Density varied spatially and temporally, ranging from 0-22,0007 m2. Abundance
peaked in April (7,600/m2) and stayed above 5,000 from February-June. Minimum
abundance occurred in October and November (1,300-1,900/m2)

It is hypothesized that the shorebirds were utilizing the abundant supply of
worms in the top few centimeters of sediment. Winter and spring are the seasons
of peak abundance of both birds and worms. If the birds are consuming the
worms, there is no immediate effect on worm populations, which remain high
through June. Others workers have found that shorebirds do consume
polychaetes on intertidal flats.

The fish survey yielded 29 species of finfish and shellfish. The most abundant
species collected included bay anchovy (Anchoa mitchilli\ Atlantic threadfin
(Polydactylus octonemus), gulf menhaden (Brevootia patronus), grass shrimp
(Palaemonetes sp.), and brown shrimp (Penaeus astecus). Oysters (Crassostrea
virginica) were abundant in the tidal marsh sloughs.

Most significant human uses were sport fishing, bird observation and study, and
beachcombing/general recreation.

The WET analysis rated sediment and toxicant retention, nutrient removal,
wildlife wintering, and migration aspects of the habitat as "high" for
effectiveness. Aquatic diversity and abundance, production export, and sediment
stabilization were rated "medium." Floodflow alteration and wildlife breeding
were rated "low".

In summary, Bolivar Flats provides valuable fish and wildlife habitat,
particularly as a wintering ground and migratory stopover for several species of
shorebirds. The area also has significant recreational value. Future management
decisions affecting this area should take these findings into account.
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Status and Trends of Selected Living Resources
in the Galveston Bay System

Albert W. Green, Maury Osborn, Dean Keddy-Hector, and Junda Lin
Texas Parks and Wildlife Department

Long term (seven to 13 years) data from the fisheries monitoring program of The
Texas Parks and Wildlife Department (TPWD) in Galveston Bay are being
analyzed to assess the overall status and trends of commercially and/or
ecologically important species in the bay. The analyses concentrate on the data
collected with three gear types (gill nets, bag seines, and otter trawls) to estimate
the relative densities of groups representing recruitment, age at first
reproduction, and the remainder of the population for selected species through
time. This work is part of a larger project which will also include trends for other
significant living resources in Galveston Bay.

Bag seine and gill net samples were taken at randomly selected sites along the
shoreline in the bay, whereas otter trawl samples were collected at randomly
selected sites in the open bay. Six to 16 bag seine samples were collected monthly
since 1977; six to 45 gill net samples were collected each spring and fall since 1976;
and 20 otter trawl samples were taken monthly since 1982.

The bag seine was used to sample mainly juveniles of fish and invertebrate
species along the shore. Red drum (Sciaenops ocellatus} in the size range of 25 to
65 mm in total length were selected to represent the recruitment strength of the
species. Choosing a small size interval was designed to minimize the probability
of using data collected from the individuals of the same cohort caught over time.
Only data collected in October, November, December and January were used since
red drum in this size range first appeared in the bag seine samples in October
each year and virtually all grew out of the size range by February of the following
year.

The gill net was used to catch mainly subadults and adults of fish and
invertebrate species. Inspection of size frequency distributions revealed that most
red drum caught were in the size range of 375-700 mm. Based on the literature,
two size classes, 350-499 and 500-700 mm, were selected to represent subadults
and age at first reproduction, respectively. Only data from one of the two
sampling seasons were used to minimize the probability of repeatedly using data
from the same cohort as mentioned above. Data collected in the spring were used.
Red drum spawn in the Gulf during summer and fall, therefore the spring
sampling more appropriately represents the strength of the first time spawners
for the year.

The normalized catch per unit effort (CPUE) is calculated for the selected size
ranges and months (season) for each species/gear type combination, and then
regressed against time (year and month) to detect trends.
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Preliminary Characterization of
Benthic Assemblages of Galveston Bay, Texas:

Results from Sediment Profiling Imagery

Mark W. LaSalle
Mississippi State University Coastal Research and Extension Center

and
Robert J. Diaz

Virginia Institute of Marine Sciences
and

Robert J. Bass
Galveston District, U.S. Army Corps of Engineers

Baseline information on benthic assemblages and sediment types of upper and
lower Galveston Bay, Texas was obtained in June and July 1990 as part of two,
three-year studies being conducted by the Corps of Engineers to determine the rate
of benthic community recovery on submerged dredged material disposal areas.
The first study will monitor recovery on new work, stiff Pleistocene clay, pumped
into two, 1,000-ft square (23 acre) experimental disposal areas. The second study
will monitor recovery on existing, side-channel maintenance disposal areas.
Data collected from both studies will be compared with conditions in adjacent bay
bottom reference areas.

Data on the physical and biological characteristics of assemblages were obtained
through a combination of sediment profiling imagery, sediment texture and
organic analysis, and benthic infaunal sampling (LaSalle, Ray, Diaz, and Bass,
1991). Results of sediment profiling imagery and sediment sampling are
described here. A sediment profiling camera obtains a vertical cross-sectional
image of the sediment-water interface, from which a series of physical
measurements may be obtained. Measurements obtained include depth of
penetration, depth of the redox potential discontinuity (RPD), surface relief,
presence and type of macroinvertebrate tubes and burrows, and stage of benthic
succession.

For the new work study, a single experimental and two reference plots were
chosen in both areas of the bay from among eight, 23-acre plots sampled as part of
baseline characterizations (Fig. 1): four in the lower bay (designated A-D) and
four in the upper bay (designated E-H). Upper bay plots were located between
Redfish Bar and Morgan's Point; lower bay plots between Texas City Dike and
Redfish Bar. Plots within each group were located 5,000 ft apart along a line
parallel to and 6,500 ft east of the Houston Ship Channel. Images were obtained at
eight fixed stations arranged in a radiating pattern from the center of each plot
for a total of 64 images.

In the lower bay, the sediment was a mixture of silts (25.3-31.2%) and fine sands
(49.7-56.4%) with an organic content of 1.7-4.3%. Average penetration among
plots ranged from 4.1-8.2 cm, average RPD depth ranged from 0.5-0.8 cm, and
surface relief was relatively even (<1 cm). Biologically, all plots appeared to
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support early stage benthic assemblages as suggested by the presence of surface
worm tubes, subsurface burrows, and feeding voids. Overall, the only major
difference observed between plots in the lower bay was the lower penetration in
Plot B (by 4 cm).

In the upper bay, the sediment was composed primarily of silts (52.3-60.1%) and
clays (29.8-42.3%) with an organic content of 3.1-4.4%. Average penetration
among plots ranged from 9.4-13.8 cm, average RPD depth ranged from 0.7-0.8 cm,
and surface relief was relatively even (< 1 cm). Biological characteristics were
similar to that described for lower bay plots, except for a lower number of surface
tubes on all plots. The only major difference observed between plots in the upper
bay was the lower penetration in Plot E (by 1-2 cm).

For the maintenance study, benthic assemblages were characterized along
transects oriented perpendicular to the channel, extending from the channel
edge, across existing maintenance disposal areas, and continuing onto
undisturbed bay bottom (Fig. 1). Two transects were located in each portion of the
bay, extending 20,000 ft to the east in the upper bay and 15,000 ft to the west in the
lower bay. Sampling stations were located at distances of 500, 1,000, 2,500, 5,000,
10,000, 15,000, and 20,000 ft (upper bay transects only). Three images were
obtained at each station (26 stations total) for a total of 78 images. The 2,500 ft
station on each transect fell within the existing maintenance disposal areas in
both portions of the bay (located between 2,000 and 3,000 ft from the channel).

In the lower bay, physical and biological characteristics were generally similar
across stations on each transect. Sediments were primarily fine sands (48.7-
94.6%) mixed with some silt (1.3-36.1%) with an organic content of 0.4-2.4%.
Average penetration was highest nearest to the channel (7.5 cm, 500 ft) and lowest
at the historically used disposal areas (no penetration, 2,500 ft) and at the farthest
stations examined (4.8 cm, 15,000 ft). Average penetration among the remaining
stations ranged from 4.3-6.0 cm. Average RPD depth ranged from 0.5-1.0 cm
across all stations except the disposal areas, and the bottom was relatively uneven
(range in relief of 0.5-1.6 cm). Biologically, all stations appeared to support early
stage benthic assemblages as suggested by the presence of surface worm tubes,
subsurface burrows, and feeding voids.

In the upper bay, there was a distinct change in the overall physical
characteristics of stations near the channel (500, 1,000 and 2,500 ft) compared to
those further out into the bay (5,000-20,000 ft). Sediments near the channel were
primarily fine sands (36.0-83.0%) and silts (9.0-35.0%) with quantities of shell
hash, and an organic content of 0.5-4.2%. Average penetration ranged from 3.3-
7.5 cm, average RPD depth ranged from 1.1-1.8 cm, and the bottom was relatively
uneven (physically disturbed, range in relief of 0.4-2.0 cm). Stations located on
historically used disposal areas were not distinct from stations nearer the
channel, except for being in shallower water. Sediments further out in the bay
were primarily muddy/silts (42.1-69.7%) with greater organic content (1.9-5.0%),
greater penetration (9.4-15.1 cm), but shallower RPD depth (0.3-0.5 cm). The
bottom was relatively even (range in relief of 0.2-0.8 cm). Biologically, all stations
appeared to support early stage benthic assemblages, similar to that observed in
lower bay transects, except for a greater number of infaunal burrows.
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In summary, baseline data from image analysis of experimental plots showed
that biological and physical characteristics were similar within and among plots
in each portion of the bay. Sediments in lower bay plots were dominated by fine
sand, whereas upper bay plot sediments were dominated by silt. Both groups of
plots appeared to support early stage benthic assemblages. Data obtained along
transects in the lower bay were relatively uniform, sediments being composed
primarily of fine sands with some silt. The only major difference being the
relatively dense nature of the sediments at stations located on maintenance
disposal areas. The disposal area stations are in shallower water, which may
lead to greater sorting out of fine sediment materials. In contrast, upper bay
transects showed a change from near-channel stations (500-2,500 ft), which were
characterized by fine sands and silts, to stations further out into the bay, which
were composed primarily of muddy-silts. Sediments at near-channel stations
also appeared to be more disturbed. All stations in both portions of the bay
appeared to support early stage benthic assemblages, the only difference being an
apparent greater number of infaunal burrows in upper bay stations.
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Preliminary Characterization of
Benthic Assemblages of Galveston Bay, Texas:

Results from Benthic Infaunal Sampling

Mark W. LaSalle
Mississippi State University Coastal Research and Extension Center

and
Robert J. Bass

Galveston District, U.S. Army Corps of Engineers
and

Gary Ray
Waterways Experiment Station, U.S. Army Corps of Engineers

Baseline information on benthic assemblages and sediment types of upper and
lower Galveston Bay, Texas was obtained in June and July, 1990 as part of two
three-year studies being conducted by the Corps of Engineers to determine the rate
of benthic community recovery on submerged dredged material disposal areas.
The first study will monitor recovery on new work, stiff Pleistocene clay, pumped
into two, 1,000-ft square (23 acre) experimental disposal areas. The second study
will monitor recovery on existing, side-channel maintenance disposal areas.
Data collected from both studies will be compared with conditions in adjacent bay
bottom reference areas.

Data on the physical and biological characteristics of assemblages were obtained
through a combination of sediment profiling imagery, sediment texture and
organic analysis, and benthic infaunal sampling (LaSalle, Ray, Diaz, and Bass,
1991). Results of benthic infaunal sampling for the new work study are described
here. Samples were collected with a Gray O'Hara box corer (0.06 m2) to a depth of
10 cm. A plexiglass liner was placed within the corer to facilitate removal of each
sample.

For the new work study, a single experimental and two reference plots were
chosen in both areas of the bay from among eight, 23-acre plots sampled as part of
baseline characterizations: four in the lower (designated A-D) and four in the
upper (designated E-H) bay (see Figure 1, page 145). Upper bay plots were located
between Redfish Bar and Morgan's Point; lower bay plots between Texas City Dike
and Redfish Bar. Plots within each group were located 5,000 ft apart along a line
parallel to and 6,500 ft east of the Houston Ship Channel. Sampling was
conducted in three selected plots within each area of the bay (A, B, and D in the
lower bay; E, F, and G in the upper bay). Ten box core samples were taken from
each plot at randomly chosen locations for a total of 60 samples.

A total of 84 species were encountered from both areas of the bay: 71 in the 3 lower
bay plots and 26 in the 3 upper bay plots. There appears to be a gradient in the
number of species from the lower to the upper bay areas, paralleling the gradient
in salinity. Lower bay plots are characterized by high species richness (52
species) and high variability in species abundances among plots. Species making
up these assemblages include euryhaline marine species (e.g., Paraprionospio
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pinnata, Magelona sp.) and euryhaline opportunists (e.g., Streblospio benedicti,
Capitella capitata). Upper bay plots were less variable in terms of abundance and
were less species rich (16-20 species), being dominated by euryhaline opportunists
and estuarine species (e.g., Mulinia pontchartrainensis, Macoma mitchelli).
Overall, the assemblages from both areas were quite similar to those previously
described from Galveston Bay.

Plots in both areas of the bay were dominated by the polychaete Mediomastus sp.,
composing from 34.3 to 60.8% of assemblages in lower bay plots and from 63.7 to
83.6% of assemblages in upper bay plots. Total organism density in lower bay
plots ranged from 40.1 to 132.8 individuals per 600 cm2, from 50.4 to 119.8 ind. per
600 cm^ in upper bay plots.

For the maintenance study, benthic assemblages were characterized along
transects oriented perpendicular to the channel, extending from the channel
edge, across existing maintenance disposal areas, and continuing onto
undisturbed bay bottom. Two transects were located in each portion of the bay,
extending 20,000 ft to the east in the upper bay and 15,000 ft to the west in the lower
bay. Sampling stations were located at distances of 500, 1,000, 2,500, 5,000, 10,000,
15,000, and 20,000 ft (upper bay transects only). Three box core samples were
obtained at each station (26 stations total) for a total of 78 samples. The 2,500 ft
station on each transect fell within the existing maintenance disposal areas in
both portions of the bay (located between 2,000 and 3,000 ft from the channel).

Comparison of upper versus lower bay transects yielded the same trends as
described for the plot samples: higher species richness in the lower bay, a
gradient in species richness running along the bay axis, and a concomitant
change in species composition. When the data were examined from the
perspective of relative distance from the channel, different patterns were found in
the two areas of the bay. In the lower bay, species richness and faunal
abundances were slightly higher with increasing distance form the channel.
Lowest species richness and abundances were associated with highly compacted
sediments such as those of the dredged material placement sites. In the upper
bay no such effect was visible. Species richness and abundances were highest
within 1000 feet or less of the channel. Individual species abundances varied
along the transects but no consistent patterns of change in species composition
emerged. For instance, in the upper bay Callianassa spp. were most numerous
near the channel and Mediomastus sp. were most numerous away from the
channel, however overall species composition remained essentially constant.
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Confirmed Presence of Neurotoxin-Producing Diatom Around
Galveston, Texas

G.A. Fryxell, M.E. Reap, D.L. Roelke, L.A. Cifuentes, and D.L. Valencia
Department of Oceanography, Texas A&M University

Large populations of the pennate diatom, Nitzschia pungens Grunow, have been
found around the coast of Prince Edward Island (P.E.I.), Canada's smallest
Maritime Province, in the Gulf of St. Lawrence, and now its presence has been
established around Galveston Island. The diatom has appeared seasonally (late
summer, autumn, early winter) around P.E.I, since 1987; we have determined it
to be a year-round resident of Galveston. A morphological form, and possibly a
different species, N. pungens f. multiseries, has been found to produce the
powerful neurotoxin domoic acid that is responsible for the symptoms now called
Amnesiac Shellfish Poisoning (ASP). In 1987-1988, ASP shocked Canadians and
resulted in at least four deaths, permanent loss of immediate recall by 24 people,
and over 107 digestive upsets when the victims consumed the diatom concentrated
in the filter-feeding blue mussels (Mytilus edulis L.) commercially grown in
mariculture projects of Prince Edward Island. This year for the first time in four
years none of the fisheries had to be closed, although trace amounts of domoic
acid were found.

The story of these events provides an excellent model of how the mariculture
industry, universities (e.g., University of Prince Edward Island, Charlottetown,
P.E.I.; Bedford Institute of Oceanography [B.I.O.], Dartmouth, N.S.), and
governmental agencies (e.g., Division of Fisheries and Oceans [D.F.O.], Moncton,
N.B., Institute for Marine Biosciences [I.M.B.], Halifax, N.S.), have worked
together effectively to protect the health of the public, as well the area's multi-
million dollar mariculture industry. This model has more than academic
interest for those of us concerned with Galveston Bay or with the seven other
inshore areas around the world where the presence of N. pungens f. multiseries
has now been confirmed.

Nitzschia pungens f. multiseries was first identified from Galveston as the
dominant diatom from a collection by a TAMU graduate oceanography class 25
February 1989 at the 61st Street fishing pier at the inner end of Offatt's Bayou.
There was no discoloration of the water since cell numbers were small. It was
also present when the next collection was made 24 May 1989. An archived
collection from East Lagoon from 19 January 1974 shows it to be abundant in that
collection, as well. So it has not been introduced recently and is well adapted to
survival in our coastal areas. Under some growing conditions, such as the high
nitrates from cultivated fields (as in P.E.I.), it can dominate. Systematic
collections were undertaken beginning in May, 1989, with the aim of getting the
organism in culture and testing its toxicity in the warmer waters of the Gulf of
Mexico. It was not known if the diatom had the genetic code for producing domoic
acid, or if it was host to a bacterial symbiont, perhaps, that produced the toxin. By
growing our own clones to bloom proportions, we could test how similar our
genetic stock was to the few in culture in Canada.
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Like many bloom species, Nitzschia pungens proved difficult to grow in the
laboratory. After the first successful isolation was made by T.K. Ashworth,
however, methods were streamlined for collection, isolation, and culture
maintenance of both Nitzschia pungens f. multiseries and the closely related
Nitzschia pungens f. pungens. With the cooperation and encouragement of
Canadian scientists (e.g., A.S.W. deFreitas, C.J. Bird, J.L.C. Wright, and M.A.
Quilliam [I.M.B.]; J.C. Smith and S.S. Bates [D.F.O.]; and R. Pocklington
[B.I.O.]), the three first-year Texas isolates proved not only to be toxic, but to
produce toxins at the top of the range known from Canada. These clones have
been toxic in culture only when they reached stationary or senescent growth
phases and their growth limited. We must field-test these findings in Galveston
Bay and other coastal areas on the Gulf of Mexico.

Over the last 18 months in the Department of Oceanography, TAMU, we have had
21 clones of Nitzschia pungens f. multiseries, isolated mostly from January to
June, and 31 clones of the apparently non-toxic Nitzschia pungens f. pungens,
isolated from the warmer months, June to December. We have recently
performed pilot tests of the production of domoic acid on the first of our second-
year clones, using high performance liquid chromatography (HPLC). They are
also toxic. It should be remembered that cultures and/or field samples
principally from two areas in the world, Gulf of Mexico and Gulf of St. Lawrence,
have been proved by HPLC to produce the neurotoxin, domoic acid.

But thus far, all tested clones with the morphology of N. pungens f. multiseries
are domoic acid producers in stationary growth phase. At this point our
assumption is that all populations of Nitzschia pungens f. multiseries can become
toxic in senescent blooms. Since it has been firmly identified on the east coasts of
North and South America (now including the Gulf of Mexico), the west Coast of
North America, Korea, and Oslofjord, the onset of problems in the nutrient-rich
P.E.I, estuaries serves as a warning. With increasing phosphates and nitrates in
coastal, eutrophic waters, the seed stock could proliferate. Now is the time to set
in motion the mechanisms to protect the public and the fishery.

Work is in progress to analyze our field and laboratory results and to compare
them with published results from Canadian blooms. We need not only more
laboratory work with our clones, but also nutrient and circulation models of
Galveston Bay. Proposals are in preparation for studies to assess the risk of
winter blooms in our Gulf of Mexico estuaries (where a winter bloom would not be
limited by ice-cover as it is around Prince Edward Island) and the possibility of
concentrations of toxin in our filter-feeding estuarine oysters. We welcome
cooperation with others. By learning from the tragic experience in Canada and
their ensuing successful management program, we can avoid similar disasters
in our own highly productive coastal areas.
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Sea Turtle Head Starting and Ecology Research

Charles W. Caillouet, Jr., Sharon A. Manzella, Gregg R. Gitschlag,
Maurice L. Renaud, and Edward F. Klima

National Marine Fisheries Service

The distribution, migration patterns, habitat preference, and behavior of sea
turtles in Galveston Bay and other Texas waters are poorly understood. Such life
history information is obtained from a number of sea turtle research projects at
the National Marine Fisheries Service (NMFS) Galveston Laboratory. These
projects provide information essential to evaluation of human impacts on sea
turtles. Five species of sea turtle occur in Texas: Kemp's ridley (Lepidochelys
kempi), loggerhead (Caretta caretta), green (Chelonia mydas), hawksbill
(Eretmochelys imbricata) and leatherback (Dermochelys coriacea).

Multi-year data bases of sea turtle tag-recaptures, sea turtle strandings, sea turtle
by-catch and sea turtle sightings are maintained for head-started Kemp's ridleys
and wild sea turtles to determine their distribution, movements, and habitats.
Cooperation in maintaining these data bases is obtained from federal and state
agencies, the Offshore Operator's Committee, the petroleum industry, diver's
organizations, fishermen, fishing guides, and the general public.

Little is known about the behavior and habitat selection of sea turtles in Texas
waters. Turtle movements, habitat selection, behavior (time at surface and time
submerged), and associated environmental variables (water depths, temperature
and salinity) are determined with satellite, radio and sonic tracking.
Examination of carcasses of stranded sea turtles provides information on food
habits, sex, size, maturity, and reproductive stage. Such life history information
may be used to determine critical habitats for endangered and threatened sea
turtles as well as impacts of human activities on sea turtles.

Satellite, radio and sonic tracking are used to collect life history information on
sea turtles in estuarine and offshore waters. Turtle movements, habitat selection,
behavior (time at surface and time submerged) and associated environmental
variables (water depth, temperature, and salinity) are recorded. In addition,
inshore distributions are being examined to document occurrence of sea turtles in
relation to dredge and fill operations.

The Galveston Laboratory also assesses impacts of petroleum structure removals
using explosives. The frequency and abundance of sea turtles and marine
mammals around production platforms and related structures, and their
incidental take, are documented during such removals. NMFS observers monitor
the waters around the removal site prior to, during and after the detonation of
explosive charges. Aerial surveys using helicopters are required if so stated in
the Section Seven consultation under the Endangered Species Act. Detonations
are restricted to periods of daylight when visibility is adequate for monitoring the
site for protected species. Pre-blast surveys also are conducted by divers who note
the presence of sea turtles, marine mammals and fish around the site. Following
the detonation of charges, floating animals are recovered from a boat, while
divers sample the ocean floor for dead animals.
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Figure 1. Sea turtle distribution in Galveston Bay, 1980-1991.
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Table 1. Sea turtle records from Galveston Bay, 1980-1991, by species.

Kemp's ridley
Green
Loggerhead
Leatherback
Unknown
Total

Wild
16
4
3
2
2
27

Head Started
10

10

Table 2. Sources of data for sea turtle records from Galveston Bay, 1980-1991.

Stranded dead
Shrimp trawl
Sighting
Hook and line
Swimming
Stranded live
Not reported
Total

Wild
18
3
3
1
0
1
1
27

Head Started
3
4
0
0
1
0
2

10

Table 3. Seasonal distribution for sea turtle records from Galveston Bay, 1980-1991.

Jan. - Mar.
Apr. - June
Jul. - Sept.
Oct. - Dec.
Total

Wild
0
12
10
5
27

Head Started
0
6
3
1
10

Table 4. Carapace lengths by species for sea turtles from Galveston Bay, 1980-1991.

Kemp's ridley
Green
Loggerhead
Leatherback

Wild
30-60
29-35
34-65
156

Head Started
30-50

The Galveston Laboratory conducts evaluations of turtle excluder devices (also
trawling evaluations of turtle excluder devices or TEDs), using NMFS observers
on commercial shrimp boats. These evaluations determine the catch rates for
shrimp, bycatch species and sea turtles in standard trawls in comparison to TED-
equipped trawls.

Additional research on sea turtles in Texas is essential for development of
conservation and management strategies to prevent their extinction.
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Responses of Postlarval Penaeid Shrimp to Galveston Bay Olfactants

Mark C. Benfield
Department of Wildlife & Fisheries Sciences, Texas A&M University

and
David V. Aldrich

Texas A&M University at Galveston

Penaeid shrimp are key components in the diets of commercially and ecologically
important finfish species in Galveston Bay. Brown shrimp (Penaeus aztecus) and
white shrimp (Penaeus setiferus) also support valuable inshore bait and offshore
commercial fisheries. The life cycles of both species include a period of estuarine
dependency. Following offshore spawning and hatching, shrimp pass through a
series of larval stages while they are carried toward the coast. Shrimp enter
estuaries as postlarvae where they inhabit salt marsh and seagrass habitats.
Shrimp exploit the abundant food resources and favorable growth conditions
within these habitats and generally migrate offshore after several months to
complete maturation and spawn. The extensive salt marshes within Galveston
Bay form a vitally important nursery habitat for penaeid shrimp along the Texas
coast.

Little is known about the mechanisms by which postlarval shrimp identify and
gain access to estuaries. Current recruitment theory suggests that postlarvae
orient towards the horizontal salinity gradients which extend outwards from
estuaries and gain access by exploiting tidal currents in response to tidal salinity
differentials, pressure or endogenous activity rhythms. Virtually nothing is
known about how shrimp locate nursery habitats once they have entered an
estuary.

Several studies suggest that postlarval shrimp are attracted to the odor of
estuarine water and that this response can override their attraction to low
salinity. These observations have not received serious experimental evaluation.
In this paper we describe results from an ongoing study to measure the attraction
of postlarval brown and white shrimp to estuarine water from Galveston Bay and
identify the sources of the attractant(s).

Experiments were conducted in a laminar-flow choice chamber which provides
individual test animals with a free choice between two water types discretely
separated without the use of physical barriers. Postlarvae were given a choice
between test odors and odor-free synthetic seawater. Brown and white shrimp
postlarvae from the surf zone of Galveston Island demonstrated significant
attraction to water from a West Bay salt marsh. Experiments conducted near the
end of the fall brown shrimp recruitment period suggested that water from
Galveston Bay lost its attractiveness over winter when conditions in the marsh
are generally unfavorable for shrimp growth and survival. The seasonal loss of
attractiveness further suggested that the attractant(s) are biogenically produced.
Rinses from representative salt marsh flora and fauna are being tested as
potential sources of attractant. This paper contains preliminary results for
smooth cordgrass Spartina alterniflora, Spartina detritus and epiphytic diatoms.
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Most Galveston Bay salt marshes are dominated by S. alterniflora. Two factors
made Spartina a logical candidate as an attractant source. These plants are
known to produce leachates which are rich in organic compounds and undergo a
winter productivity reduction. Replicate experiments with postlarval brown
shrimp did not indicate any significant attraction to leachates from living
Spartina.

Most of Spartina's energy is transferred to the salt marsh food web via detrital
decomposition. Penaeid shrimp are known to feed on the small invertebrates
which colonize detritus. Studies with American eels suggested that rinses from
detrital plant material were attractive to elvers during their landward
migrations. Our experiments with postlarval brown shrimp failed to
demonstrate any significant attraction to Spartina detrital leachates.

The shoots of Spartina are covered by thick growths of epiphytic algae. These
epiphyte communities are dominated by diatoms which form an important initial
food source for postlarval and early-juvenile penaeids. Algae are also known to
produce organic leachates and the odor of these compounds might provide a good
indication of habitat quality. Initial experiments suggest that postlarval brown
shrimp are significantly attracted to the odor of epiphytes.

The heavy concentration of petrochemical industry around Galveston Bay results
in substantial pollutant loadings. Other studies conducted on a variety of marine
organisms suggest an ability to detect and avoid pollutants at low concentrations.
It is possible that avoidance of pollutants might suppress attraction of postlarval
penaeids to attractive estuarine odors. Our choice chamber permits exposure of
postlarvae to dissolved pollutants with precise control of exposure concentrations.
The final phase of our study will examine the responses of postlarval brown
shrimp to representative Galveston Bay pollutants.

Our results suggest that in addition to their well documented nursery functions,
salt marshes serve as the source of chemical signals which may assist postlarval
shrimp in successfully locating Galveston Bay and its component nursery
habitats. These observations further emphasize the need for protection of the salt
marsh habitats in Galveston Bay.
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Long-Term Impact of Rising Sea Level
and Major Hurricanes on Galveston Bay

John Anderson, Fernando Siringan, and Wendy Smyth
Department of Geology and Geophysics, Rice University

and
James Lawrence and Alta Gate

Department of Geosciences, University of Houston

There is mounting evidence that the rise in global sea level during the past 12,000
years has been episodic in nature and punctuated by rises on the order of three to
five cm/year (Anderson and Thomas, in press). Global warming could trigger
similar events within the next several centuries if continued warming results in
mass wasting of the West Antarctic Ice Sheet (Anderson and Thomas, in press).

An ongoing marine geological study by Rice University and the University of
Houston focuses on the manner in which rising sea level has influenced
Galveston Bay, with emphasis on the impact of rapid sea level rises. A second
objective is to measure the long-term impact that major hurricanes have had on
the bay. Toward these goals, we have acquired a grid of high resolution (uniboom)
seismic reflection profiles and sediment cores from throughout the bay. These
data, in conjunction with results from earlier studies, provide a record of bay
evolution.

Galveston Bay is located within an incised fluvial channel that was initially
carved during an earlier Pleistocene lowstand, tentatively assigned to Oxygen
Isotope Stage 5 (about 100,000 years ago). Initial flooding of the bay during the
more recent Holocene sea level rise occurred approximately 8000 B.P. At that
time, the bay existed within the deep, narrow portion of the valley. The broad,
shallow platform of the bay flooded approximately 4000 years ago, perhaps during
a rapid sea level rise, creating the present bay setting. Sediment cores that
penetrate beyond, or just beneath, the Holocene bay-fill lack transitional (fining
upwards) deposits, implying rapid flooding. Ongoing analyses are concentrating
on understanding the development of the salinity structure within the bay and on
measuring changes in bay fauna since 4000 B.P. Changes in salinity are
measured using oxygen and carbon isotopes.

Several major storms have impacted the Galveston Bay complex during the past
4000 years. Some of these storms impacted the coast and bay far more than have
storms of the past century (i.e., Hurricane Alicia). Yet, these storms had only a
minor impact on the upper reaches of the bay. In fact, they left little in the way of
a sedimentary record.

During 1991 field season we expect to acquire additional sediment cores from the
bay along a transect extending from the deeper portions of the valley to the
shoreline. We will attempt to measure the rate of sea level rise over the past 8000
years using radiometric dates from samples just above the flooding surface. We
also will gather 3.5 Khz subbottom profiles from the bay to study changes in
sedimentation within the bay over century-scale to decadal-scale time periods. Of
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particular interest is the manner in which man has altered the sedimentation
regime of the bay.
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Historical Shoreline Changes in the Galveston Bay System

Jeffrey G. Paine and Robert A. Morton
Bureau of Economic Geology, The University of Texas at Austin

Shorelines of the Galveston Bay system, like those of most other Texas bays, have
been eroding for several thousand years, causing the bays to widen and shoal.
This natural phenomenon has become a concern as development has
progressively increased around Galveston, Trinity, East, and West Bays, which
form the Galveston Bay system. Natural bay shore erosion, augmented by human
activities, threatens homes and industries as well as ecologically important plant
and animal communities.

Roughly 232 mi of shoreline rims the Galveston Bay system. This shoreline can
be divided into three principal types: steep bluffs composed chiefly of consolidated
clay, low salt- and brackish-water marshes, and sand and shell beaches.
Marshes are the most abundant shoreline type in the Galveston Bay system,
making up 61% of the shoreline. Marshes are most common in East and West
Bays. Steep bluffs coincide with the Pleistocene Beaumont formation and make
up about 35% of the shoreline. These Pleistocene bluffs are five to 25 ft high and
are the predominant shoreline type in Galveston and Trinity Bays. Sand and
shell beaches compose only about four percent of the shoreline in the Galveston
Bay system. They typically occur on the flanks of promontories or at the entrances
to minor embayments where either wave energy is high or littoral currents
converge.

Historical shoreline changes in the Galveston Bay system were documented by
comparing shoreline positions for: (1) an early period between 1850-52 and 1930,
when human activities had less effect than they do today; (2) a later period
between 1930 and 1982, when human activities affected the bay system in many
ways; and (3) the combined period between the 1850s and 1982, to establish long-
term shoreline trends (Paine and Morton, 1986). Shoreline positions were those
depicted on topographic charts made in the early 1850s and aerial photographs
taken in 1930 and 1982.

Comparisons of past shoreline positions reveal that 78% of the shoreline in the
Galveston Bay system underwent erosion between the 1850s and 1982. Average
net rates of retreat were 2.2 ft/yr, which translates to a net land loss around the
bay perimeter of 8,000 acres. Rates of net retreat were higher during the most
recent period, increasing from 1.8 ft/yr before 1930 to 2.4 ft/yr after 1930. The
shoreline between Cedar Bayou and Virginia Point eroded at an average rate of
3.0 ft/yr, the highest rate observed for any segment of the bay system. The only
area of extensive shoreline progradation was the southern part of the Trinity
delta, which advanced at 14 to 43 ft/yr.

Considering only the eroding shorelines, the average rate of retreat in the
Galveston Bay system was 3.9 ft/yr between 1930 and 1982. This rate falls in the
middle of the range of erosion rates observed in other major Texas bays (Morton
and Paine, 1990). This rate, when combined with the length of retreating
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shoreline, results in an estimate of 70 acres/yr of land loss in the Galveston Bay
system. The most rapid erosion, 6.1 ft/yr, occurred along sand and shell beaches.
Because this shoreline type is uncommon, erosion along sand and shell beaches
contributed only 5.7 acres/yr to the land-loss total. Marshes eroded at a rate of 4.1
ft/yr on average, but their abundance makes them the largest land-loss
component at 46.5 acres/yr. Bluffs retreated at the lowest rate of the major
shoreline types, 3.2 ft/yr, and added 18.9 acres/yr to the land-loss total.

Both natural and human-induced factors contributed to the observed shoreline
erosion in the Galveston Bay system. Natural causes of shoreline erosion include
wave activity, storms, relative sea-level rise, and bluff failure. Wave activity, in
order of increasing severity and decreasing incidence, is caused by the
predominant southeasterly winds, strong northerly winds accompanying the
passage of polar fronts, and extreme winds associated with tropical cyclones.
Shorelines with long northerly and southeasterly wave fetches commonly have
the highest rates of shoreline erosion. Tropical cyclones, in addition to producing
destructive waves, raise bay water levels enough to cause waves to break on the
middle and upper parts of the bluffs.

Since 1850, 15 hurricanes with surge heights of six feet or higher have struck the
Galveston Bay area. Extreme examples include the 1900 storm, which had tides
of 20 ft at Galveston (Sugg and et al., 1971); the 1915 storm, which had a surge of 16
ft at the Galveston Causeway (Sugg et al., 1971); Hurricane Carla, which elevated
water levels to 15 ft in upper Galveston Bay (U.S. Army Corps of Engineers, 1962);
and most recently Hurricane Alicia, which had a storm surge of 11 ft at LaPorte
(U.S. Army Corps of Engineers, 1983). During Hurricane Alicia, bluff retreat
typically ranged from 5 to 20 ft. Retreat of as much as 100 ft occurred along
western Trinity Bay, where bluffs were exposed to the energetic right-front storm
quadrant. Relative sea-level rise, including both "eustatic" sea level rise and land
subsidence, is another natural cause of shoreline erosion. Because historical
rates of sea-level rise are in the 0.1 to 0.5 inch/yr range, they have little impact on
bluffs but can severely affect marshes.

The increase in erosion rates through time is a clear indication that human
activities have augmented natural erosional processes. In the Galveston Bay
system, wave energy has been increased by ship and boat traffic and by dredging
and deepening parts of the bay system. Relative sea-level rise has been enhanced
by subsidence related to hydrocarbon production (Pratt and Johnson, 1926) and
ground-water withdrawal (Gabrysch, 1984) and possibly by increasing rates of
sea-level rise through global warming. Many coastal structures such as riprap,
bulkheads, and groins have slowed erosion locally but contribute to bay-wide
erosion by removing sediment from the littoral system. Sediment transported to
the bay system by rivers allows marshes to counter subsidence and sea-level rise,
but reductions in the suspended sediment load carried by rivers as a result of
reservoir construction and flood control have undoubtedly contributed to the
acceleration of marsh erosion rates observed after 1930.

In summary, shorelines of the Galveston Bay system have eroded naturally for
thousands of years. Recent human activities, such as production of ground water
and hydrocarbons, construction of bulkheads, groins, and other impediments to
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littoral drift, ship and boat traffic, construction of dams and reservoirs, and the
release of "greenhouse" gases into the atmosphere, have all contributed to the
severity of the shoreline erosion problem.
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Freshwater Inflows to Galveston Bay

Ruben S. Solis and David A. Brock
Texas Water Development Board

The Texas Water Development Board (TWDB) has performed environmental
studies of six estuaries including Galveston Bay (Trinity-San Jacinto Estuary)
under its Bays and Estuaries Program. A fundamental requirement for all of the
environmental studies is the quantitative estimation of terrestrial freshwater
inflows into the bay. Freshwater inflows provide nutrients and sediment to the
bay and mix with saline Gulf waters to provide the environment required by
estuarine species.

Freshwater inflows for the period from 1941 to 1976 were estimated in previous
studies in the early 1980s (Texas Department of Water Resources, 1980a; 1980b;
198 la; 198 Ib; 1981c; 1983). This database of inflows was extended through 1987 in
the current set of studies. Data sources used in compiling these hydrological
databases include the U. S. Geological Survey (USGS) stream gage network,
National Weather Service meteorological stations, and the Texas Water
Commission's return flow and diversion database. Inflows from both gaged and
ungaged areas are included in the study. Runoff volumes from ungaged
watersheds, areas nearest the bay and below the lowest USGS gages, were
calculated with a rainfall/runoff model developed by the TWDB. Ungaged runoff
was adjusted for return flows and diversions to estimate freshwater inflow from
ungaged areas.

For the study period from 1941 to 1987, annual freshwater inflows to Galveston
Bay averaged 10.06 million ac-ft. This represents roughly 5.1 times the volume of
the Trinity-San Jacinto Estuary. Of this, roughly 68% (7.48 million ac-ft/year)
originates in gaged watersheds (areas above USGS stream gages), while the
remaining 32% (3.17 million ac-ft/year) drains from ungaged areas. The Trinity
River is Galveston Bay's single largest contributor of freshwater, providing an
average of 51% (5.34 million ac-ft) of the total freshwater inflow annually from
1941-1987.

On a seasonal basis, the largest freshwater inflows occur in May (1.47 million ac-
ft), while the smallest occur in August (0.37 million ac-ft). On average, greatest
inflows occur in the winter and spring (December through June), while inflows
are lowest in the summer and fall (July through November).

A non-parametric trend analysis applied to monthly inflows for the twenty year
period 1968 to 1987 indicates a statistically significant increase (p<0.05) in inflows
to Galveston Bay, averaging 0.52%/year. This trerid is absent in Trinity River
inflows, suggesting that the increase is the result of increased urbanization and
industrialization in and near Houston.

On the Texas coast, inflows to Galveston Bay are second only to those for Sabine
Lake, which average 13.03 million ac-ft/year.
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Figure 1. Freshwater inflows to Galveston Bay, 1941-1987.

Figure 2. Average Monthly inflows to Galveston Bay, 1941-1987.

Additional TWDB Studies

The TWDB performed a three-day intensive inflow field study in May 1990
covering the entire 600 square miles of the Trinity-San Jacinto Estuary. Water
elevation, velocity, and salinity data were collected during this effort. These data
have been compiled and analyzed and are being used in the calibration of the
Board's 2-D hydrodynamic and conservative transport model.

Texans are concerned with the management of nutrient loading to the estuaries,
particularly Galveston Bay. Galveston Bay receives an average of 26.8 g N per m2
per year, 6.25 g P per m2 per year, and 121 g C per m2 per year (as total organic
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carbon) through its terrestrial drainage and rainfall. In this context it is
desirable to understand the relative importance of freshwater inflows as nutrient
sources. This requires knowledge of other sources of nutrient inputs and avenues
of nutrient loss from the bay. The comparison of sources and sinks is efficiently
addressed through the computation of nutrient budgets. Work is underway to
develop budgets for nitrogen, phosphorus, and organic carbon for Galveston Bay.
Sources of these nutrients include gaged inflows, ungaged rainfall runoff,
municipal return flows, direct atmospheric deposition, and tidal exchanges.
Losses to the bay include export to the Gulf of Mexico, fisheries harvest, burial,
and (for nitrogen) denitrification. Nutrient loading from terrestrial drainages is
estimated from water quality monitoring data from streams and discharges,
together with USGS stream flow data and results of simulations of rainfall runoff.
Exchange of the bay with the Gulf is complex and based in part on dynamics of
tidal entrainment which are not well understood. Results of computer hydraulic
simulation provide a reasonable approach to this exchange. Results from San
Antonio Bay suggest that biogeochemical processes may be significant nutrient
sinks in Texas estuaries. More information is needed for the rates of these
processes in Galveston Bay.
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Next Generation Water Level Measurement System
for Galveston Bay

Gary A. Jeffress and Richard R. Phelps
Conrad Blucher Institute for Surveying and Science,

Corpus Christi State University

The Conrad Blucher Institute for Surveying and Science has installed two Next
Generation Water Level Measurement Systems (NGWLMS) in Galveston Bay.
One system is located adjacent to the southern shoreline of Christmas Bay; the
second system is located adjacent to the northern shoreline of Clear Lake. These
two systems provide near real-time water level data for Galveston Bay. The
systems have been installed so as to comply with the NGWLMS Site Design,
Preparation, and Installation Manual, produced by the National Oceanic and
Atmospheric Administration (NOAA).

The NGWLMS uses an air acoustic water level sensor (Aquatrak Model 3000).
The sensor uses a time-of-travel technique to measure an acoustic pulse which is
reflected from the water surface. The system is self-calibrating to account for
variations in air density and has a resolution of ± 0.01 ft. The acoustic soundings
occur within a one-half inch diameter sounding tube. The sounding tube is
located within a six-inch diameter protective well which allows water to enter via
eight orifices, each one-half inch in diameter, located at the bottom of the
protective well.

The NGWLMS is controlled by a Sutron 9000 Remote Terminal Unit (RTU) which
is a small computer that interfaces data acquisition, data storage, and
communications. The primary mode of data communication is via a
Geostationary Operational Environmental Satellite (GOES). Water level data is
transmitted to the satellite every three hours. The data forms part of NOAA's
NGWLMS data base and can be accessed via telephone or mailing list.

The systems use very little power and can operate using external batteries and
solar cells for charging the batteries. The system requires an average of one watt
for normal operation. Water level data is acquired every six minutes. Since
installation in October 1990, the systems have close to 100% data capture records.
Any missing data has been due to interruptions for system checking.

The two Galveston NGWLMS systems are each connected to five bench marks
located at each site. Both sites have assumed daturas which are presently not
connected. A future component of the project will be to connect these two datums
to a common datum known as the Blucher Datum. The Global Positioning
System (GPS) will be used to connect the Galveston Bay sites to the Blucher
Datum. Seven sites in the Corpus Christi area have been connected using GPS
with very encouraging results.

The water level data will provide tidal data for the mean higher high water level.
This level indicates the water-land intersection forming the mean higher high
water line. This line indicates the location of the property boundary between the
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State of Texas owned tide-lands and privately owned up-lands.

Presently, the systems also provide data on air temperature and water
temperature. The systems are capable of recording up to sixteen environmental
parameters. This facility will reduce the cost of additional environmental data for
Galveston Bay that may be required in the future.

The two NGWLMSs in Galveston form part of twenty-three sites along the South
Texas coast, known as the Blucher Institute Water Level Observation Network
(BIWLON). The primary purpose of BIWLON is the measuring, collecting,
analyzing, and disseminating water level data.
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Characteristics of Hydrographic Data in Galveston Bay

F. C. Schlemmer, II
Texas A&M University at Galveston

Hydrographic data contained in two data archives of the State of Texas, the
Statewide Monitoring Network (SMN) and the Coastal Data Set (CDS) were
analyzed for their temporal and spatial distributions. The impetus for this study
was to determine what data were available to estimate the temporal and spatial
scales of property distributions and variabilities in Galveston Bay. This
information would be necessary for design of any process studies of the waters
within the bay. The station patterns found in the SMN consisted of about 28
stations concentrated in Trinity and Upper Galveston Bays, with none located in
Lower Galveston Bay. Some of the monitoring sites were sampled infrequently.
The 92 CDS stations were positioned along lines running roughly perpendicular
to the axes of the secondary bays. The station sites were concentrated in Trinity
Bay and Upper Galveston Bay with sparse sampling of Lower Galveston Bay, East
Bay and West Bay. Many of the sites were sampled less than ten times over the
almost thirty years represented by the data sets.

The two data sets were combined in a single data base which could be
manipulated by computer. Data which were identified by codes in the original
data sets as questionable or below/above detection limits were eliminated. The
remaining data were sorted by season into one-minute squares for enumeration
so that the data density of the various parameters could be determined. With
respect to station distribution, summer had the greatest number of stations and
the most complete coverage with significant decreases in numbers of stations and
coverages in other seasons. Large areas of all secondary bays are unsampled or
sampled seldom during the period. At the 1790 total stations (through 1987) in
Galveston Bay (excluding West Bay), temperature was sampled most with 1597
stations having at least one observation, followed in order with dissolved oxygen,
salinity, and pH and organic carbon with 1547, 1489, 1170, and 928 observations
respectively. In West Bay, 452 total stations were sampled with the same five
properties being sampled at about the same percentages as in Galveston Bay. The
frequency of sampling of other chemical parameters dropped off rapidly. The
coverages of total observations of temperature, salinity, dissolved oxygen and pH
were fair in Upper Galveston Bay and Trinity Bay. Sampling in Lower Galveston
Bay was sparse for these properties. Sampling for many other chemical
properties was quite sparse even in Upper Galveston and Trinity Bays and
extremely sparse to non-existent in Lower Galveston and East Bays.

Based on this study, considerably more data on property distributions within
Galveston Bay will be required before studies providing even a basic
understanding of processes can be designed.
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Salinity Characterization of Galveston Bay

S. Paul Orlando and C. John Klein
National Ocean Service, National Oceanic and Atmospheric Administration

and
Lawrence P. Rozas

Louisiana Universities Marine Consortium
and

George H. Ward
Center for Research in Water Resources, University of Texas at Austin

The National Ocean Service is completing a comprehensive review of salinity and
its hydrographic and meteorological controls in the eight estuarine systems of
Texas, as an extension of the National Estuarine Inventory (NEI) (NOAA, 1985).
This review is presented in a report (Orlando, et al., 1991) that seeks a much more
detailed depiction of salinity than that of the NEI. Two aspects of salinity are
emphasized: first, the spatial structure of salinity, including its horizontal and
vertical gradients, and the salinity characteristics of principal subsystems of each
estuary; second, the stability of salinity, referring to the time variation of salinity
on various scales. While the approach is descriptive, the philosophy is process-
based, i.e., the basic physical controls affecting salinity are given explicit study.
The approach used in this study will serve as a paradigm for analysis of the same
102 major U.S. estuaries considered in the NEI; therefore, a considerable effort
was invested in establishing objective procedures of analysis.

The basic postulate of the analytical methodology is that estuarine hydrology is the
prime control on salinity, and therefore canonical salinity regimes can be defined
by examining the time-space variation of hydrology. Additional characteristics of
salinity may be governed by other physical processes, which are quantified on an
estuary-specific basis. Even in systems in which this postulate proves false, and
there are some such systems in Texas, it provides the motivation for an objective
procedural framework.

The first step in the analytical methodology is to delineate the normal range of
variation in salinity, by identifying representative periods of high and low salinity.
The term representative period is applied specifically to a period of three-month
duration to focus on seasonal time scales. Generally, these periods will
correspond to the low and high-inflow periods.

The next step is acquire and analyze salinity field data during these
representative periods under the "usual" levels of inflow. This was approached by
a two-tier statistical analysis of river inflow: (1) the long-term average inflow for
the representative period; and (2) the period-of-record frequency of occurrence for
various averaging windows ("durations") from 1 to 30 days. Candidate periods
were required to be comparable in that (1) the period-mean flow agrees with the
long-term average; and (2) the n-day average, for n from one to 30, agrees with the
two-year return event at that duration. The field data were then plotted and
mapped.
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Figure 1. Surface salinity for a selected high salinity condition in Galveston Bay, August-
October, 1986.
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Figure 2. Bottom salinity for a selected high salinity condition in Galveston Bay, August-October,
1986.
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Figure 3. Surface salinity for a selected low salinity condition in Galveaton Bay, April-June,
1985.
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Figure 4. Bottom salinity for a selected low salinity condition in Galveston Bay, April-June, 1985.
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Stability was determined by the observed time variation of salinity in the system.
This required a set of historical data of sufficient density in time to exhibit
temporal response. It also required a review of information, both literature and
the experience of local scientists, concerning the principal controls on salinity
variation, in addition to river flow, that might contribute to this variability.

For Galveston Bay, like most of the Texas estuaries, one of the limiting factors
was availability of salinity data. Less-than-ideal periods of depiction had to be
selected on the basis of data availability rather than strict hydrological behavior.
The representative periods of depiction were selected to be August-October 1986
(high salinity) and April-June 1985 (low salinity). General structure of the bay
during the low salinity period displays near-fresh conditions in the upper section
of Trinity Bay, a prominent tongue of salinity along the Houston Ship Channel,
and fairly homogeneous salinities throughout West Bay, with some depression in
Chocolate Bay. Inflows during this period decline from the major freshet in
March, antecedent to the period of depiction, with surges in early April and May.
Salinity response throughout is a generally monotonic increase in salinity except
in Trinity Bay.
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Figure 3. Salinity response matrix and those associations
considered to characterize Galveston Bay
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Based upon the specific analyses of the periods of depiction, as well as the
cumulative information from literature review and the analysis of other periods of
data, a general characterization was formulated and displayed as a response
matrix (Fig. 3). This indicates the most important time scales of variability of
salinity in the system and the forcing mechanism(s) chiefly responsible for
variations on this time scale. In Galveston Bay, the dominant time scale over
which salinity varies is seasonal. However, this dominant seasonal pattern is
further modified by small freshets, wind (especially in association with frontal
passages), the salinity in the Gulf of Mexico as influenced by freshwater plumes
from the Louisiana and East Texas rivers, and density currents due to ship
channels.
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Paleoecological Evidence of Salinity Changes in Galveston Bay

Richard M. Yuill
ENTRIX, Inc.

Paleoecological and geochemical methods were used to study changes occurring
in Galveston Bay over the time period of circa 1850 to 1988. The purposes of the
study were:

1. To examine changes in foraminiferal species distribution in space
and time;

2. To measure changes in geochemical variables within the
sediments; and

3. To determine if human actions such as the dredging of the
Houston Ship Channel and the impounding of the Trinity River
have affected the distribution of the foraminiferal fauna.

Sixteen gravity cores were collected during 1987 and 1988 from the R V
Matagorda, Rice University. The study area included Trinity Bay and portions of
upper and lower Galveston Bay. The cores were initially examined by x-
radiography to assure that the samples were relatively undisturbed so that the
chronology of various subsampled horizons could be established. 210Pb isotope
measurements were performed on six cores and sediment accumulation rates
were calculated for four of these cores. An average of ten horizons were
subsampled within each of the sixteen cores. These horizons were analyzed for
particle size, total organic carbon, various elements, and foraminifera. A suite of
elements including Al, Ba, Ca, Cd, Cr, Cu, Fe, Mg, Mn, Na, Ni, Sn, Sr, V, and Zn
were analyzed using inductively coupled plasma emission spectroscopy (ICP).
Foraminifera were identified to species and data were presented as percent
relative abundance (%RA) based on 200 to 300 counts per horizon subsample.

The sediment accumulation rate, as calculated from the 210Pb data, ranged from
0.44 to 1.16 cm/yr in Trinity Bay to 0.29 cm/yr in the center of Galveston Bay. The
lower two values compare favorably with previous estimates of the sediment
accumulation rate for Galveston Bay (Shephard, 1953; Rehkemper, 1969).
Inspection of the geochemical results revealed recurring depth-related trends for
barium. Barium increased logarithmically to the surface at collection sites
throughout the bay. A regression of year before present (ybp) against Logic of
barium showed a constant slope for all three cores measured by 210Pb analysis.
Thus, sediment accumulation rate and core chronology could be established for
an additional six locations in the bay. These six cores had sediment
accumulation rates ranging from 0.16 to 0.79 cm/yr.

Regarding the remainder of the geochemical results, there were two statistically
significant trends: 1) there was a high correlation of the metals, including Al, Cr,
Cu, Fe, Mg, Na, and V, to percent silt and clay, and 2) there were high inter-
correlations between metals, with especially high correlations to Al and Fe. The
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Pearson's correlation coefficient exceeded 0.70 for each of the metal-to-particle-
size comparisons. Correlation coefficients between metal pairs often exceeded
0.80. Barium was poorly correlated to percent silt and clay and to the above list of
metals. Thus, adsorption onto silt and clay particles and co-precipitation of
metals with iron and aluminum hydrous oxides are apparently two of the
dominant processes controlling the fate of metals in Galveston Bay.

The dominant foraminifera found in Galveston Bay were Miliammina fusca,
Ammotium salsum, Ammonia parkinsoniana, and Elphidium spp. The species
composition of individual subsamples generally fit into one of two biofacies
described for Gulf of Mexico estuaries: 1) the Miliammina-Ammotium biofacies,
which is generally confined to the portion of the estuary that is below a salinity of
ten parts per thousand (ppt), and 2) the Ammonia-Elphidium biofacies, which is
dominant in the middle and lower estuaries where salinity is above 15 ppt.
Examination of the cores for which the chronology of the subsamples was
calculated revealed a recurring temporal pattern of species composition shift
from the Miliammina-Ammotium biofacies to the Ammonia-Elphidium biofacies.
Generally, these species shifts occurred in the late 1800s in lower and middle
Galveston Bay and as recently as the 1970s in one portion of Trinity Bay. This
step-wise progression of a higher salinity biofacies further into the estuary is
consistent with the timing of major dredging events along the Houston Ship
Channel, events which commenced in the early 1900s. With the exception of one
location in Trinity Bay, this species shift occurs prior to the development of oil and
gas fields in Trinity and Galveston Bays (1930s to 1940s) and prior to major
impoundment of the Trinity River (beginning in 1952). Foraminiferal species
shift in Galveston Bay is empirical evidence of increasing salinity in the bay
during this century. The pattern and timing of the species shift is consistent with
the hypothesis that dredging of the Houston Ship Channel has been a major
contributing factor to salinity intrusion in Galveston Bay.
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Modeling Options for Galveston Bay

George H. Ward
Center for Research in Water Resources, University of Texas at Austin

In recent years much concern has arisen in the environmental management
community about the application of modeling to Galveston Bay and the need for an
"accurate, state-of-the-art" model. However, there are disparate views as to
exactly what properties such a model should have. Much has been made of, say,
finite-differences versus finite-elements, or the need for three spatial dimensions,
or whether a model is "cutting-edge" or "obsolete." Unfortunately, views are often
aired as an exercise in polemics rather than science. Here we briefly review the
various properties of models, especially in their significance for Galveston Bay,
and survey the computational models that are presently extant. Then we
dispense some philosophy as to what should and should not be considered in
model selection. This is drawn from a research project presently underway
under the sponsorship of Texas A&M Sea Grant.

The term "model" strictly refers to the mathematical formulation of a physical
relationship. The jargon has evolved that applies the term to a computational
scheme (derived somehow from a model in the first sense) implemented on a
digital computer, frequently even a specific computer code. The term "model"
will be used in all of these senses: hopefully context will clarify. There are many
physical relationships of potential concern in estuarine management, many of
which are interdependent. One physical process of central importance is the
current velocity, which controls the transport of constituents, hence is one
determinant of water quality. Moreover, in an estuary the current is very
complex, being governed by irregular physiography, external forcing, and
internal accelerations and dissipation. This survey will focus on circulation
models, in order to keep the presentation bounded, and also because circulation
modeling exemplifies the array of modeling possibilities (and controversies) for an
estuary.

At the outset, we should recognize that any model is a simplification. The role of
models in science is to sharpen concepts by simplification, by stripping a problem
to its essential features to promote understanding. The point of departure in
modeling is to decide what real-world features should, in fact, be modeled, and
which, therefore, will be discounted as irrelevant. A model entails simplification
from the pragmatic standpoint as well: without simplification, the mathematical
solution would be impossible. The differences between models lie in how this
simplification is achieved, i.e., what features are retained and what are
sacrificed, and what aspects of the real world the simplified model depicts.

The first simplification concerns how much of the real world is to be treated. To
comprehensively treat the circulation of Galveston Bay, we would have to include
the dynamics of the Gulf of Mexico and the wind structure over the bay, which
would then necessitate including the Atlantic Ocean and the atmosphere
throughout the troposphere over the continental U.S., and each of these in turn
would require treating the entire hemisphere. We draw a line, and bound the
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problem, (for example) to the physiographic domain of Galveston Bay itself. This
now requires applying boundary conditions to close the mathematical solution.
Here we will not pursue this aspect of modeling; however, we must observe that,
though boundary conditions are frequently swept under the carpet as a matter of
detail, in fact they are half of the problem. Specification is especially tricky for
boundaries that are placed within the fluid domain (in contrast, for example, to a
hard boundary like a shoreline), notably the ocean inlets and points of riverine
inflow. In leaving this topic, we note that the boundary conditions control the
answer: lousy boundary conditions applied to an otherwise sophisticated and
accurate model yield lousy results.

Simplification can be applied at three different levels of formulation: conceptual,
mathematical and computational. Generally, the conceptual simplifications are
the most transparent and easy to evaluate because they explicitly state what kinds
of features the simplified model will retain. Mathematical simplifications have
the objective of expediting the mathematical solution of the problem, while
maintaining fidelity to the conceptual model. This level of formulation includes
the incorporation of specific mathematical expressions for different processes
(which can include some conceptual simplification). Evaluation of a
mathematical simplification is obviously more subtle than a simplification at the
conceptual level, and may require some sophisticated analysis. Simplification at
the third level, the computational, involves approximation to achieve a numerical
solution. This is the snake pit of modeling. Theory is uneven, providing only
guidance at best, evaluation is usually empirical hence case-specific, and the
practice of art—even witchcraft—is prevalent.

Table 1. Simplifying postulates of watercourse circulation models.

Level of Acceptance in Scientific & Engineering Community
Universal Pretty Nigh Universal Common

Newtonian, nonconducting eddy formulation parameterized eddy
fluid of turbulent fluxes
coefficients

Boussinesq approximation neglect surface waves Mannings "n"
hydrostatic balance rotating plane quadratic friction
incompressible

Three separate principles can be exploited in formulating a model of a fluid
system, viz. continuity, conservation of momentum, and conservation of mass.
There are other, derivative principles (e.g., conservation of energy, enstrophy and
vorticity), and sometimes the problem can be simplified so that two or more of
these are rendered equivalent. The most primitive—i.e., unsimplified—
mathematical statement of these principles is completely intractable, since it
applies in full generality to any fluid (including gases and plasmas) in any
condition anywhere. To specialize this statement for a natural water body on the
earth entails some major simplifications; the acceptance of these by scientists in
the field ranges from universal to spongy.

Table 1 lists some of these simplifications and their relative level of acceptance.
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We have not yet differentiated estuaries: these considerations can apply as well to
oceans, lakes and rivers. These simplifications get us to the "primitive equations"
of estuary hydrodynamics, a set of simultaneous partial differential equations in
three spatial dimensions and time, which are still a long way from being soluble.
Table 2 shows examples of further simplification, for each level of formulation,
that appear in the estuarine modeling literature. There are many others, of
course. The first column, the conceptual, which further simplify the primitive
equations, are the most important because these ab initio limit the range of
applicability of the model.

Table 2. Simplifications used in estuary circulation models.

Conceptual
Level of Formulation

Mathematical Computational
kinematic only
steady-state
average in space
simple geometry
horizontally nondivergent
constant density
antitriptic flow
transport-dominated
non-rotating earth
barotropic flow
zero inertia

linearize
dispersion model of
advective fluxes
spectral expansion
basis expansion
transformed coordinates (e.g.,
sigma & boundary fitting)
altered order (e.g, vorticity)
irrotational
mode-splitting
local acceleration only

discretization:
finite-difference
finite-element
boundary-element

truncated spectrum
basis-expansion

truncation
timestepping
grid system (i.e.,

nodal network)

In Table 3 are presented some estuary models that are on-the-market, i.e., fully
operational and whose codes have been transported to other users. This list is
certainly not exhaustive but is intended to exemplify what is available. Several
observations may be made:

1. There are a number of "three-dimensional" models, and with
modern computational resources, the development of a solution
for some form of the three-dimensional model has become routine;

2. Of the 11 models listed, there is a duplication in only two of all of
these features, viz. the Princeton and TAMUG. There are, of
course, other features of the models not tabulated, and in which
these two differ;

3. There are seven different applications for Galveston Bay;

4. Only one of these models is presently capable of operation on a
microcomputer; and

5. Only one of these would I describe as "obsolete" in the pejorative
sense, i.e., whose utility is significantly degraded compared to
other products that can be employed at an equivalent economic
burden, namely the EPA DEM.
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Table 3 . Some operational estuary models and selected properties (* indicates existing
application for Galveston Bay).

Name Time Variable
or Source Dimensions Variability Density
EPA DEM 1 linked
Orlob-
Shubinski

*GBP/TWDB
*TWDB

(Gray-Lynch)
*WES TABS-

RMA-2V
*NOS COMPAS

(Gait-Klein)
*WES TABS-

RMA-10
WES CH3D

(Sheng)
*USGS

(Walters)
Princeton

(Mellor-Oey)
Princeton

(Mellor-
Blumberg)

*TAMUG
(Whi taker)

2
2

2

2

3

3

3

3

3

3

transient

transient
transient

transient

steady

transient

transient

spectral

transient

transient

transient

no

no
yes

yes

no

yes

yes

yes

yes

yes

yes

Coupled
Density

no

no
yes

no

no

yes

yes

yes

yes

yes

yes

Current
Calculation
dynamic

dynamic
dynamic

dynamic

kinematic

dynamic

dynamic

dynamic

dynamic

dynamic

dynamic

Computation
Horizontal Vertical

FD

FD
FE

FE

FE

FE

FD1

FE

FD

FD3

FD3

Computer
Resources
MF, mini

~

—

-

--

FE

FD2

expansion

FD

FD2

FD2

MF, mini
MF, mini

MF, mini

micro

Cray, MF

Cray, MF

mini, large
micro
MF,mini

MF,mini

mini

1 Stretched coordinates
2 Sigma coordinate
" Boundary-fitting orthogonal curvilinear coordinates

How should one chose a model among this variety? There are two (mutually
exclusive) criteria which seem to be widespread: (1) the most complicated model
available—fully transient three-dimensional coupled nonlinear—because it is most
accurate; (2) the model that is easiest to operate. I submit that neither is valid.

Model selection should proceed from an analysis of the problem of concern, i.e.,
what is required of the model in the management context, to determining which
real-world processes control that problem, and what information base is available
for their delineation.

Requirements include: parameters (nitrogen species, coliform bacteria, BOD,
salinity), time resolution (seasonal, daily, long-term average), space resolution
(detailed structure at a ten m resolution, averages over several km area), vertical
resolution (vertical average, profiles at one m interval), and accuracy. Examples
of controlling variables and/or processes include: geometry/physiography, tides,
freshwater inflow, waste discharge flows, detention time ("flushing"),
meteorological-driven responses, density currents, horizontal transports,
kinetics, and vertical mixing. The management question must be properly
articulated. Models can clarify this articulation process, which in many
instances will be interactive and empirical, involving the application of a model
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Figure 1. Selection sequence.

itself. (Indeed, one may have to operate a model to refine the criteria for selecting
a model.) How will the results actually be applied in a management context? Can
you really discriminate the difference in effects of a one ppm change in organic
nitrogen, say, or a one ppt change in salinity? For many management issues, the
policy options are robust, not significantly affected by a 25% (say) improvement in
parameter accuracy. Different management questions may require different
models, and there remain many important problems that can be adequately
treated by rather simple models. In this case, a more complex model, in better
mirroring the real world, usually complicates the enterprise. A more
fundamental question is whether the important physical/kinetic processes are
represented properly. A correctly formulated 2-D model is superior to an
incorrectly formulated 3-D model.

A related but separate aspect of model selection is the existing information base.
Any model application is also limited by the level of accuracy in the input data.
For example, if one has only long-term average wasteloads or inflows, then one is
limited to analyzing only long-term average concentrations. If the management
question requires a finer level of resolution, then the process is at an impasse,
until a more detailed information base becomes available. While a model can help
delineate the limits imposed by the present information base, it cannot substitute
for an information base (contrary to what seems to be a popular belief). This is
particularly important in applying a three-dimensional model. For example, the
internal vertical stresses and transports must be explicitly computed, whereas
they are averaged out in the two-dimensional model. The surface and bottom of
the water column become boundaries, where conditions must be carefully
specified.

The fact that there are a number of models operational and potentially applicable
to Galveston Bay does not imply that the modeling problem is solved. On the
contrary, there are aspects of each of these models that are unsatisfactory or
unproven. In this context, brief mention should be made of the need for
verification of any candidate model against field data representative of the scales
and processes of concern. The many levels of simplification involved (Table 2) can
entail departure from reality, no matter how reasonable the simplifications seem,
so the model must be tested. In addition, there is a considerable latitude for
errors, which can be exposed during verification. (There is also the need for
calibration, if there are free parameters in some of the mathematical
formulations. Calibration does not replace verification.)

Numerical methods, in this writer's view, have probably been overemphasized in
model development, relative to physical processes. Much has been made of the
differences between finite-difference and finite-element integrations. With
interactive grid generators, finite elements are now as flexible as finite
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differences. With curvilinear and stretched coordinates, and techniques of grid-
embedding, finite differences can have the same ability to depict complex
geometry as finite elements. Both have numerical problems which demand
careful attention. Much more work is needed in the basic physics, both
observationally and theoretically. How to handle the inlet boundary condition
remains a major problem. Bed friction, though commonly accepted as quadratic
with a coefficient, has memory and inertia, and can be directed other than
opposite to the current, and needs better formulation. The depiction of
nonadvective fluxes, both dispersion and turbulence, is a basic weakness of all of
these models.
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Hydrodynamic and Salinity Studies of the Galveston Bay System

Larry M. Hauck
Waterways Experiment Station, U.S. Army Corps of Engineers

The U.S. Army Corps of Engineers, Galveston District, is sponsoring field studies
and numerical model studies of the Galveston Bay system as part of the
investigations for the supplemental environmental impact statement to the
Houston-Galveston Navigation Channels Project. Some of these studies are being
conducted by the Hydraulics Laboratory at the Waterways Experiment Station
(WES), Vicksburg, MS.

Germane aspects of these studies to this workshop are the long-term (180 days)
instrument deployment in the bay and the verification and application of a three-
dimensional (3-D) numerical model of the bay hydrodynamics. The field studies
occurred between July, 1990 and January, 1991 with analysis of the data to be
completed during the summer of 1991. The data from these field investigations,
which consists of salinity, temperature, current, and water level measurements,
are to be used to verify the 3-D numerical model. Verification of the numerical
model is scheduled for completion in January, 1992 and applications of the model
are to be completed by April, 1992. The model will be used to determine any
impacts of the proposed Houston-Galveston Navigation Channels Project on bay
salinities and currents.

The long-term instrument deployments consisted of six water level recorders, of
which three also recorded salinity and temperature, six salinity meters, and eight
current/salinity/temperature meters. The data collection program was
supplemented by several water level recorders and salinity/temperature
instruments operated by the Texas Water Development Board, Texas Parks and
Wildlife Department, U.S. Geological Survey, and National Ocean Service,
National Oceanic and Atmospheric Administration. For approximately the first
three months, instruments were deployed to obtain currents, salinities, and
temperatures in the Houston Ship Channel and to obtain salinities and water
levels bay-wide. For the last three months, some instruments were redeployed to
emphasize measurements along a line into Trinity Bay perpendicular to the
Houston Ship Channel. Also, for the last three months, single current meters
were deployed in East and West Bays. In conjunction with these field studies, a
wind (direction and magnitude) station was located in the central bay near
Redfish Bar.

The method of instrument deployment allowed characterization of relevant
hydrographic parameters in Galveston Bay through long-term measurements at
a typical frequency of ten minutes. These data will provide the major source of
verification for the numerical model study, and of themselves, these data are a
valuable source of information describing bay-wide conditions during the last six
months of 1990.

An interesting portion of the field investigation was the deployment of the WES
Estuarine Boundary-layer Instrumentation System (EBIS) in Galveston Bay.
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Environmental concerns of enhanced salinity movement near the bay bottom
resulting from ship-induced mixing in the Houston Ship Channel can be uniquely
addressed with the EBIS. The EBIS is a tripod device developed in a research
program at WES, which is equipped with an array of probes to measure pressure,
temperature, turbidity, bed shear stress, and salinity. The EBIS was designed
specifically for near-bed measurements in an estuarine environment, and most of
the probes may be remotely controlled to measure at depths from essentially at the
bed surface to one meter above the bed. A sampling frequency of five seconds was
used, which allowed measurement of short duration, dynamic changes. The
EBIS was deployed on two occasions for one-two days each approximately two-
hundred feet from the Houston Ship Channel in the vicinity of Redfish Bar. Short-
term changes in salinity (over several minutes) and pronounced velocity and
water level changes coincident with ship passages were recorded. The salinity
changes were a function of ship size, ship direction (inbound or outbound), and
ambient current direction (flood or ebb). The salinity change, which could be
either an increase or decrease, was recorded as a rapid response of as much as
three ppt that gradually returned to near pre-event levels within ten minutes or
less. Final results and conclusions from the EBIS deployment will be available in
mid-1991.

The 3-D numerical model to be applied to Galveston Bay is RMA-10, which was
initially developed by Dr. Ian King of Resource Management Associates, Inc., and
the University of California at Davis (King, 1988). The model solves the 3-D
equation of motion and transport of salt and temperature using the finite element
method. The flexibility of RMA-10, which allows specification of one-dimensional,
two- dimensional in the horizontal plane, and three-dimensional computational
elements, will be fully used in this application. Tidal streams and rivers will be
represented in one dimension, shallow bay areas in two dimensions, and the
deep-draft channels and adjacent areas in three dimensions. RMA-10 will
predict time-varying currents, salinities, and temperatures in Galveston Bay as
influenced by time-varying boundary conditions of wind, freshwater inflows, and
tides from the Gulf of Mexico. Modification to appropriate model input data will
allow different channel widths and depths to be represented as proposed in the
Houston-Galveston Navigation Channels Project or other bathymetric changes, if
desired.

For this study, the Galveston Bay model will be used to assess changes in
salinities and currents for various freshwater inflow conditions (present, 1995,
2020 and 2050 hydrologies) in conjunction with the bathymetric changes of the
proposed channel improvements. The flexibility of the finite-element code will
also be used to accurately represent and evaluate several beneficial use plans of
dredged material, which are to be considered as part of the project. Model results
will be made available to determine impacts to oysters in Galveston Bay. This will
occur either through linkage of the RMA-10 code to an oyster population dynamics
model or through direct analysis of results form RMA-10.

In conclusion, the model will provide a characterization of the response of bay
salinities and currents to a number of important external parameters and
forcing. The model can be used to evaluate the response of bay salinities and
currents to the location and magnitude of freshwater inflow, wind, tidal forcing
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from the gulf, bay bathymetry, and changes to bathymetry. The field
investigations provided data to characterize the bay during a 180-day period and to
allow numerical model verification.

The work described here was funded by the U.S. Army Engineer District,
Galveston. Permission was granted by the Chief of Engineers to publish this
paper.
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The COMPAS Screening Model for Galveston Bay

C. John Klein
National Ocean Service, National Oceanic and Atmospheric Administration

and
George H. Ward

Center for Research in Water Resources, University of Texas at Austin

The National Ocean Service (NOS) Strategic Assessment Branch of NOAA has
developed general planning software called the Coastal Ocean Management,
Planning and Assessment System (COMPAS). The NOS and the Texas Water
Commission (TWO, together with several other state agencies, have undertaken
a project to implement COMPAS on the Texas bays, the first one of which will be
Galveston Bay. This system is microcomputer-based (specifically, the Macintosh)
and is designed to be an adjunct in comparative studies of estuaries and in
formulating management strategies for dealing with these systems. It includes
data bases on nutrient loads, fishery distributions, contaminant discharges, and
sediment types.

A central feature of COMPAS is a circulation model that depicts tidal, dispersive
and residual (i.e., long-term mean) transports throughout the estuary. The
model has the following properties:

1. The model is two-dimensional in the horizontal plane (i.e.,
vertically integrated);

2. The model is based on the numerical solution to the continuity
equation, subject to boundary conditions, using the finite-element
method;

3. The model explicitly depicts irregular bathymetry and
physiography by use of finite elements;

4. The transport vectors (currents) are input directly to a mass-
transport model for delineation of contours of various
constituents, including salinity; and

5. Nonadvective transport is modeled with dispersion coefficients.
However, some advective processes that are traditionally modeled
by dispersion coefficients, such as salinity intrusion, can be
explicitly treated.

The computation is based upon a diagnostic model developed by Jerry Gait and his
associates at NOAA (e.g., Gait, 1980, Klein and Gait, 1985). The model has been
applied to several estuary systems, as well as larger coastal watercourses, such
as the Gulf of Mexico (during the Ixtoc spill). It is important to emphasize that
the currents are kinematic predictions, not dynamic. That is, the currents are
derived from a stream function that is consistent with boundaries and known
flows (such as freshwater inflow, tidal prism, etc.), but not directly based on the
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forces which produce those currents.

The chief advantages of the model are its elegance and simplicity while achieving
fidelity to the irregular physiography of the bay. It is computationally efficient
and runs on the microcomputer, therefore can be used almost interactively. The
model allows one to apply one's intuition and external qualitative knowledge
directly to constrain the interior transports. This can be either an advantage or a
limitation, depending upon how adequately the circulation is understood
qualitatively, and whether this level of accuracy is adequate for the problem at
hand. In its present state of development, explicit circulations are incorporated
for: (1) freshwater through flow due to the San Jacinto, Trinity and Chocolate
Bayou (in West Bay); (2) cooling water circulations due to P.H.Robinson and Cedar
Bayou S.E.S.s; (3) density-driven circulation associated with the Houston Ship
Channel; and (4) tidal influx through the system, including attenuation at the
mid-bay constriction.

Application in the management of Galveston Bay is most suited to large-scale
concerns, e.g., evaluating wasteload impacts, freshwater diversion effects, and
alterations in habitat quality. The model is a "screening tool," and this is an
accurate appraisal of how it should be used in management of Galveston Bay, viz.
in large-scale "what-if' evaluations of various scenarios, and as a preliminary
quantitative impact analysis. There are problems for which it is ill-suited, e.g.,
counter-intuitive processes that must be accurately evaluated dynamically, such
as alterations in salinity intrusion due to dimension changes in a ship channel or
very fine-scale gradients in concentration in specific regions. Nor is the model
suited for very transient events such as flood hydrographs, though it is useful for
simulating long-term variations in inflow (seasonal effects, for instance).
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Three-Dimensional Circulation and Salinity Transport Model
of Galveston Bay

Keh-Han Wang
Department of Civil and Environmental Engineering, University of Houston

The present study is to apply a curvilinear three-dimensional multi-layered
estuarine and coastal model to perform simulation of the three-dimensional flow
process of the Galveston Bay and to predict the salinity distributions. Galveston
Bay is an extremely complex and dynamic estuarine system, not only due to the
high variability of a number of physical mechanisms, but also to the important
social, ecological and economic issues that are present. This estuary serves a
number of functions, e.g., nursery and adult habitat for commercial fishery
species, flood control for coastal communities, pollution control for the
surrounding coastal environments, transportation, and recreation. Besides the
economic function of the Houston Ship Channel, Galveston Bay has been
described as highly productive in terms of both oyster and shrimp markets. It is
widely noted that oyster productivity is greatly influenced by estuarine salinities.
In large part, this productivity is associated with the exclusion of marine
predators that are intolerant of low and fluctuating salinities.

Wind stresses, freshwater inflows, tides, bathymetry, the coastal forces from the
continental shelf, and even shipping all effect the circulatory patterns, salinity
distributions, nutrient and detrital transport, and pollutant flushing. The bay's
ability to perform its natural functions may be impaired by human uses of the bay.
Also, the reduced water quality due to the increase of transportation, land
development and the releasing of pollutants into the bay environment have a high
possibility of damaging the ecosystem of the bay. The impact of oil spills to this
estuarine system is another major issue to be considered. All these problems in
Galveston Bay have shown the need for extensive study to understand the impacts
of hydrodynamic, environmental, and ecological influences for the whole
estuarine system.

Hydrodynamic modeling is an important aspect of the Galveston Bay study.
Results of modeling efforts will describe the circulation patterns of the system
and act as a driver for salinity transport as well as water quality and ecological
models. Shankar and Masch (1970) have applied a simplified two-dimensional
model to study the salinity variation of Galveston Bay under the influences of
freshwater inflows and tide. However, the important factors of nonlinear
diffusion and baroclinic terms were neglected during their modeling efforts. Also,
the two-dimensional simulation cannot provide the complete flow process of
Galveston Bay, because three-dimensional variation, in terms of velocities and
salinity, are active in the system.

The objective of this study is to develop a three-dimensional hydrodynamic model
of Galveston Bay. This model will be solved to determine the three-dimensional
velocity field and salinity distributions for the whole bay. The basic equations for
governing the three-dimensional flow field and salinity distribution are the
Navier-Stokes equations and salinity transport equation. To facilitate the
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applications of the boundary conditions on the bounding surface and to resolve the
complex geometry more smoothly, a curvilinear coordinate transformation
technique is adopted. This model solves full Navier-Stokes equations in a
curvilinear-grid system, where the nonlinear, diffusion, baroclinic and coriolis
terms are included. The influences of wind, tides, freshwater inflows,
bathymetry are considered in this model.

The model developed for the work is a three-time-level implicit scheme finite-
difference model. A staggered grid is used in both the horizontal and vertical
directions of the computation domain. Mode splitting technique is applied to
assure that the computation of the external free-surface elevation is separated
from solving the three-dimensional equations. The free-surface elevation and
vertically-integrated velocities (or two-dimensional velocities) are computed first
from the vertically-integrated equations (external mode) by using ADI method.
Following this, the three-dimensional velocities are then solved using a vertically-
implicit scheme. The vertical turbulent mixing coefficients in this model are
calculated by means of a simplified second-order turbulence closure model. With
known velocity field, the salinity distributions will be obtained by solving the
salinity transport equation.

The appropriate boundary conditions and initial conditions are provided for model
simulation. At the free-surface, the wind stress is prescribed and the salinity flux
is zero. At the bottom, a quadratic stress law with drag coefficient based on the
logarithmic velocity profile is used, while the salinity flux is zero. Along the
lateral boundaries, discharges of freshwater inflows are specified at the stream
boundaries, while the surface elevation and salinity are specified at the tidal
entrances. The salinity at the open boundary can be allowed to change according
to inflow and outflow in this model.

By inputting bathymetry of Galveston Bay, freshwater inflow, tides and wind data
into the model, the three-dimensional time variation of the circulation patterns,
free-surface elevation and salinity profiles will be obtained to describe this
dynamic system. The impacts of velocity and salinity field due to changing the
freshwater inflows and wind stresses will be analyzed. The influence of
bathymetry to the circulation field is also of interest to study. The tidal and
freshwater inflow discharges (from Dickinson Bayou, Double Bayou, Clear Creek,
Trinity River, Cedar Bayou, Goose Creek and San Jacinto River) used in Shankar
and Masch's study with assumed wind stresses are employed for the initial
simulation to predict velocity field and salinity profiles. Model calibration and
validation based on the field measurements will be further conducted. After
analyzing these numerical results, a thorough understanding of the
hydrodynamic impacts on Galveston Bay will be developed.
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Two Moves Equal One Fire:
The Historical Data Base for Galveston Bay

George H. Ward
Center for Research in Water Resources, University of Texas at Austin

and
Neal E. Armstrong

Department of Civil Engineering, University of Texas at Austin

•*..
In the past, a wealth of data has been collected in the Galveston Bay system.
These data relate to the movement and quality of water, the biology of the bay,
navigation, socioeconomics and fisheries, with some of this information dating
back more than a century. One of the early tasks in the Galveston Bay National
Estuary Program (GBNEP) was to locate and inventory these data. This is a
progress report on that project. The specific objectives were to:

1. Survey local, state, and federal agencies and other organizations
for data sets related to the Galveston Bay Priority Problems List;

2. Compile and publish in a standard format a written report of
complete descriptions for existing data sets; and

3. Compile a Data Base Inventory: an electronic, searchable,
microcomputer-based data set index. The Inventory should
enable a researcher with a specific data requirement to determine
where (and whether) the historical data exist and how to access
them.

The data resources for the Data Base Inventory take many forms. These include
point observations (such as grab samples), time series (e.g., stream flow records,
tide scrolls), line series (e.g., cross-sectional profiles, scanner imagery), areal
delineations (e.g., maps, aerial photography), anecdotes (e.g., event descriptions),
and regional statistics (bird rookeries, population profiles, economic activity).
This variety of data demanded considerable flexibility--and therefore complexity-
in the data retrieval system. At the outset of this work, a data management
system (DMS) was sought to form the software basis for the Inventory. There is a
phenomenal selection in DMS products presently on the market. The most recent
buyer's review available listed 80 PC-based relational database management
software packages. To sharpen the choice, thirteen criteria were formulated that
the Inventory must satisfy (five of which had been specified by the GBNEP and
were required by the contract). These criteria were dictated by the anticipated
characteristics of the entries and the probable requirements of the users. Our
recommendation, ultimately, was that dBase IV be adopted as the software basis
for the Data Base Inventory.

One of the prime features of the Data Base Inventory is the use of multiple files,
elements of which are "related" (i.e., logically connected for access and retrieval
purposes). This is because different types of data have different properties (called
"fields" in the data-base management patois), reflecting differing logic
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structures. Each element (i.e., entry) in the Inventory is a "project", referring to
a uniform, systematic, autonomous data-collection enterprise. A "project" might
be a one-time collection of sediment samples, a one-year study of shrimp
communities, or a routine collection of water quality data at regular intervals over
many years. A project might concentrate upon one geographical region of the
bay, or might involve samples throughout the bay. Retrieval is implemented by
searching on field variables, perhaps constrained by user-specified relations, and
by keyword textual searches of the title and abstract information in the data
entries. This dual approach to retrieval allows both quantitative sorting of the
information, as well as qualitative searching.

One of the more important retrieval fields is that specifying the geographic
location for observations/measurements. We anticipate one use for the Inventory
to be retrieval of data of a specified type pertaining to a specific geographical
subarea of Galveston Bay. After much consideration and review, we have adopted
latitude-longitude coordinates as the basic position specification. This decision
entailed a considerable effort in the data entry process: because relatively few data
sets have the measurement positions specified by latitude and longitude, it was
necessary to map these points and determine the coordinates manually.
However, we believe the generality and flexibility of this approach justifies its
employment. Further, latitude-longitude coordinates and geographical
descriptors can be cross-referenced, thereby facilitating searches given only the
geographical name of a feature in the bay.

The sources for data on Galveston Bay take several forms, including (with
examples of each): open literature (books, journals); gray literature (technical
reports, project studies); file documents (unpublished manuscripts, internal
memoranda); transient literature (newspapers, diaries, historical collections);
formalized data tabulations (publications, computer-readable media); organized
data archives (indexed maps, aerial photos); and raw data (field sheets, strip
charts, cassette logs). The task of locating these data proceeded simultaneously
on several fronts: review of bibliographies and indexes; direct review of journals
and reports; visits and contacts with likely sources. All of this work was carried
out by the Principal Investigators (Pis) personally; no student help was employed.
We endeavored to follow every lead uncovered with resolve and persistence. This
was tempered, of course, with weighing of the principle of diminishing returns
versus criticality of the data. For example, we have invested many hours in
searching for the U.S.Bureau of Commercial Fisheries 1958-67 biological/water
quality collections. On the other hand, we abandoned the search for the 1964-69
Texas A&M questionnaires of Houston Ship Channel industries when the files
could not be located from either the research institute or the PI.

One of the major classes of data sources is the unpublished holdings of agencies
and individual researchers. The approach to this class of data was step-wise,
starting with inquiry letters and proceeding to direct contact followed by visits to
inspect and assess holdings; and completion of the Inventory, assessment of data
perishability and acquisition of copies where appropriate. For the key state and
federal agencies (most of which are participants in the GBNEP), the strategy
(proposed by the GBNEP) was to identify a point-of-contact in that agency who
would facilitate the location of data holdings and make the necessary internal
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arrangements for the Pis to visit and inventory the data. Individual researchers
posed a greater problem, in that there were many more of them, individually with
smaller data sets, difficult to locate and contact, and frequently uncooperative.

In summary, the project proved to be far more complicated and time-consuming
than we originally envisioned, and at this writing is still underway. The original
schedule has now been doubled by extensions. Apart from the sloth-like work
ethic of the Pis, there are several factors contributing to the time expansion:

1. There proved to be a large number of data sources for Galveston
Bay, but only a minority could be described as major projects (e.g.,
the TWC Statewide Monitoring Network, the Galveston Bay
Project, the TWDB Bays & Estuaries Program, etc.). The data
resource can be described as a great many small projects, which
served to multiply contact time and logistics.

2. The point-of-contact approach failed, requiring much greater time
and effort by the Pis to find and gain access to agency data
holdings.

3. In general, the response to our inquiries has been poor, requiring
multiple letters or calls, and requiring months (at best) to finally
gain access to data: many are only now responding. The
dominant reason for more time required is that the management
of older data—and by this we mean any data taken prior to 1980—is
by-and-large a shambles.

For all of these reasons, far more PI time has been dissipated by the Three Rs,
writing, ringing, and rooting, than has been invested in actual data inventory and
data base creation. The frustration of the time-consumption of tracking down
misplaced data sets has been compensated (somewhat) by the conviction that this
work had to be done, and, as we began to realize as the project developed, the
sooner the better.

At this point in the project, we have formed some definite conclusions regarding
the data resource for Galveston Bay. These conclusions apply primarily to data on
the biological, water quality and hydrographic features of the system, which are
the most important insofar as the GBNEP objectives are concerned.

1. Most of the data sets for Galveston Bay taken prior to 1980 are
presently unavailable. The majority of this data appears to be
irrevocably lost.

2. When one considers that the data prior to 1980 comprises the vast
majority of data taken in Galveston Bay ever (because the intensity
of data collection since 1980 has been considerably reduced), this
implies that most of the data resource has vanished.

3. The factors which have led to this loss of data are still operating
today.

-209-



These conclusions, of course, must be qualified for specificity. For example,
sediment quality data is of more recent concern, and has benefited from advances
in analytical technology, so is in relatively good shape. Also, specific data
collections with national archival procedures are well-managed, e.g., the
historical mapping of the National Ocean Service and its predecessor agencies,
and the data collection efforts of the U.S. Geological Survey. On the other hand,
major data collection projects for which data is totally missing include: the
Galveston Bay Study High-Frequency Program, the USBCF biological program of
1958-67, data collections by the Harris County Pollution Control Department from
the 1960s, the intensive studies of the Houston Ship Channel by Humble Oil
during the 1950s and 1960s, and anything done by the U.S. Army Corps of
Engineers before 1960. Data sets which had been entered on digital media and
now only exist as one or a few hard-copy tabulations include the Galveston Bay
Project Routine Program (1968-1972), the USBCF 1958-67 water quality data, the
USCE Trinity 1975-76 marsh biology and chemistry data, and the HL&P Cedar
Bayou studies of Trinity Bay in the early 1970s. There are many other examples.
Further, these are examples of agency programs; the situation is worse for
research data of individuals.

The factors that contribute to this problem include:

1. Low priority assigned to archiving and preservation of older data,
due to the problem-specific operation of most agencies;

2. The general perception of archiving of information as an
unwarranted expense, in conjunction with the dubious value of
"obsolete" information;

3. Personnel turnover in the agencies combined with little or no
documentation;

4. Agency instability, i.e., dissolution, merging and reorganization
of an agency, as well as frequent displacement and relocation;

5. Natural calamities (fires, floods, hurricanes) in poorly protected
housing;

6. Changes in data management technology, without upgrading of
historical files. In our view, the problem is critical.

7. Proprietary attitude toward data by individual Pis.
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An Information Center for Galveston Bay

William A. Seitz and Natalie H. Wiest
Texas A&M University at Galveston

The Galveston Bay Information Center is being developed at the Jack K. Williams
Library of Texas A&M University at Galveston with funding from the Galveston
Bay National Estuary Program (GBNEP) and matching funds from TAMUG and
the Texas Institute of Oceanography (TIO). The Information Center is being
created in two phases: compiling a bibliography of literature about Galveston Bay;
and acquiring that literature and making it available to researchers and the
general public. The Galveston Bay Literature Survey and Galveston Bay
Information Center were the first projects funded by GBNEP. To develop its
Management Plan, GBNEP required that existing information concerning the
Galveston Bay estuary be assembled and accessible as a first priority.

An important component of Galveston Bay information consists of both published
and unpublished works concerning the bay, previously scattered and difficult to
access. The Literature Survey Project was designed to create a comprehensive
bibliography of works relating to Galveston Bay and its problems, to be made
available in an indexed, electronic searchable system, as well as in a published
document. The project further involves acquiring to the greatest extent possible
works cited in the Bibliography, for inclusion in a permanent reference collection
in the Galveston Bay Information Center.

Work on the Bibliography was begun in January 1990. The basis for the
bibliography was a 1600 citation work Annotated Bibliography of the Fish and
Wildlife Resources of Galveston Bay published by the U.S. Fish and Wildlife
Service in 1979. Development of the bibliography beyond this starting point was by
at least three methods: electronic literature searching, non-electronic literature
searching, and survey of institutions for published and unpublished documents,
theses and dissertations, management or monitoring program descriptions and
project reports pertaining to Galveston Bay. This effort included a request for
donations of hard-to-obtain reports from Management Conference members and
other individuals and institutions.

By July 1990 almost 1400 additional citations were added to the original Fish and
Wildlife Service bibliography.

A thesaurus of descriptors used for subject searching was developed using the
Aquatic Sciences and Fisheries Abstracts thesaurus from the Food and
Agriculture Organization of the United Nations as its authority. The
bibliography, including abstracts for cited works, and the thesaurus were printed
in a first draft form in August 1990.

The electronic version of the bibliography is prepared using a text indexing and
retrieval software called INMAGIC. This software was chosen for its reputation
for ease of use for data entry, retrieval, and output capabilities. SEARCHMAGIC
is a program from INMAGIC that is for retrieval purposes only (i.e., users can
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not change data within the database) that has a network version which will be
available for public use in the Information Center. SEARCHMAGIC is user-
friendly with easily created search menus. Both of these software programs run
in a DOS environment.

To allow access to the database via modem from remote sites, an INFORMIX
version of the database has been developed. This runs in a UNIX environment
and can be searched from menus or by using SQL control language.

The bibliography is continually updated in its electronic format and will have
updates to the printed version quarterly. Its distribution to local libraries and
other requestors will be set up through the Information Center.

In its first calendar year the Bibliography and Information Center project focused
primarily on the development of the Bibliography. In 1991 the focus is the
collection of works to match the bibliographic citations. So far several hundred of
the works have been identified and collected. Monographs are cataloged using the
nationwide database of OCLC (Online Computer Library Center). Once an OCLC
record is "captured" for use by the Galveston Bay Information Center, the record
is tagged with a unique identifier so any other user of the OCLC system will know
the work is available from the Information Center. Inter-library lending begins
as soon as these records are tapped.

The Information Center will also distribute publications of the Galveston Bay
National Estuary Program, including any videos that may be produced there.

A COMPAS system will be available for public use in the Information Center as
soon as it is available for distribution. COMPAS (Coastal Ocean Management,
Planning, and Assessment System) is being developed by NOAA and the State of
Texas as a user-friendly, Macintosh-based relational database. Modules
currently under development in Texas are: coastal (state-owned) tracts, stream
flow, water quality monitoring, and water rights. COMPAS has GIS capabilities
and makes maps and charts of the Galveston Bay area available electronically.

The electronic database will be operational and available for public use. Materials
that have been collected is now available for use in the Information Center, and
selected items can be checked out of the library. Reference assistance is in place
to assist users with accessing the database and literature. Photocopy facilities are
available.

The draft copy of the Literature Survey submitted in August 1990 is currently
available for use in the Williams Library of Texas A&M University at Galveston.
Matching monies from Texas A&M University at Galveston and the Texas
Institute of Oceanography (TIO) have purchased the computing hardware for the
electronic versions of the database and COMPAS. Texas A&M University at
Galveston is designated as a special purpose institution for marine and maritime
studies. The Texas Institute of Oceanography being developed by TAMUG is a
cooperative effort of the University of Texas, University of Houston, and Texas
A&M University. Galveston Bay studies will be an important feature of TIO and
the database developed for GBNEP will support work into the foreseeable future.
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COMPAS - NOAA's Coastal Ocean Management,
Planning, and Assessment System

Charles Alexander and John Paul Tolson
National Ocean Service, National Oceanic and Atmospheric Administration

COMPAS is a unique and powerful microcomputer-based information system
being developed by NOAA. It will bring a wide range of data and information
management capabilities to the desk-tops of coastal resource managers. It is
designed not only to manage a variety of related coastal resource information, but
also to present this information in many different forms including maps, data,
graphics, and even hydrologic models. COMPAS will bring existing disparate
coastal resource information to a single user-friendly environment, simplify the
transfer of information to and from decision makers, and make it easier to apply
large data sets towards problem solving and conflict resolution in the Nation's
coastal areas.

Background. Since 1983, as part of its National Estuarine Inventory, NOAA has
been developing an operational capability for systematically assessing the use and
health of over 100 estuaries in the contiguous USA. These assessments are based
upon data that cover a wide range of topics including coastal pollution, land use,
habitats, and living marine resources. While much information has been
developed and published towards this end, a better tool was needed for putting this
information into the hands of decision makers, particularly at the state level.
COMPAS was, therefore, conceived to provide rapid access to a variety of
information and to be flexible enough to adapt to the needs of many different
users.

Building on a Solid Foundation. NOAA has considerable experience in
developing desktop information systems. Two recent examples are CAMEO IItm
and Cmas. CAMEO II, or the Computer-Aided Management of Emergency
Operations, provides accurate, fingertip access to chemical names, hazards, and
emergency procedures, all linked to a map of the local area. Cmas, or the
Computer Mapping and Analysis System, enables comparisons, analyses, and
mapping of information on the distribution, abundance, and life histories of
marine species throughout major regions of the U.S. Exclusive Economic Zone.
Both CAMEO II and Cmas are configured to run on a Macintosh microcomputer.

COMPAS is also designed to run on a Macintosh microcomputer and, like
CAMEO II, it uses Apple's HyperCard software. HyperCard is an extensible data
management program that can handle either text or graphical information.
HyperCard lets the user navigate through the data, forming relations the way the
human mind forms associations jumping from one link to the next. HyperCard,
therefore, takes a large additional step in the management of relational data
compared to traditional systems by allowing the user to move between files and
view the full context of related information.

Use and Users. While COMPAS may eventually be used by a variety of public and
private organizations, it is intended primarily for state-level coastal resource
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managers responsible for the day-to-day decision making. Exactly how an
individual institution uses the system will be determined by the types of questions
being asked. For example, COMPAS may be used by a resource planner to look at
summary information across several subjects such as land use, water quality,
and fisheries. A permit writer may be more interested in the status of these
resources at a specific location.

Implementation. COMPAS is being implemented one coastal state at a time.
Development in each state is coordinated through a lead agency working with
NOAA under a cooperative agreement. Other agencies and institutions within the
state are encouraged to participate by working through the lead agency. A version
of COMPAS for an individual state is comprised of both a set of topic modules that
are the same nationwide and customized modules unique to that state. States are
responsible for identifying the custom modules to be developed, providing feedback
on the capabilities required for these, and assisting NOAA in interface design.
NOAA's responsibility is software development and overall project management.
After working directly with NOAA for approximately 18 months, states will have
acquired the necessary expertise to modify and/or expand their COMPAS systems
with minimal assistance for NOAA.

Current Program. The first operational COMPAS modules will be completed for
the state of Texas by mid-1991. This version will serve as the framework for future
COMPAS development, particularly for the non-custom modules. Current
features include unique data searching and exporting capabilities, options to view
tabular data as bar or pie charts, custom reports, as well as mapping functions.
Additional analytical and predictive components are also being developed.

For more information contact:

Strategic Environmental Assessments Division
Office of Ocean Resources,

Conservation, and Assessment
National Oceanic and Atmospheric Administration

6001 Executive Blvd., Rockville, MD 20852
(301)443-8843
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