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FOREWORD
A conference entitled "Understanding the Estuary: Advances in Chesapeake Bay Research"
was held 29-31March1988 in Baltimore, MD. The conference was primarily oriented towards
scientists engaged in research on fundamental estuarine processes in Chesapeake Bay and
secondarily oriented to managers with scientific and technical backgrounds. Scientifically and
technically conversant citizens were also encouraged to attend.
The conference examined recent research findings in several areas that are relevant to a
wide range of estuarine processes. Conveners attempted to provide a context for assessing the
relevance of these scientific findings to the long-term efforts to protect and restore the Chesapeake
watershed.
Estuarine research is coming of age in terms of scientific credibility. For years, many
scientists engaged in oceanographic or limnological studies considered estuarine research as a
spinoff or splinter effort of blue-water or freshwater work. Now, the realization is growing that
estuaries are unique areas, worthy of focused attention. This recognition comes none too soon.
Coastal demographic pressures and readily visible degradation of habitats, living resources, and
water quality, have created a strong public outcry to "do something" about coastal and estuarine
pollution.
The Chesapeake Bay area is fortunate in that estuarine research has been nurtured and
encouraged by the regional states, which established laboratories dedicated to estuarine studies of
the Bay as far back as the 1920's. In the past two decades, interaction of Bay scientists, resource
managers, and the public has both nurtured and been nurtured by major federally funded
Chesapeake Bay studies. The most recent of these studies was funded through the U.S.
Environmental Protection Agency and resulted in a coordinated federal, Maryland, Virginia,
Pennsylvania, and District of Columbia Chesapeake Bay Restoration and Protection Program.
This program is considered a model for estuarine management both nationally and internationally.
The emergence of the Chesapeake Bay Program as a national and international model of
estuarine management is based to no small extent on accumulated information developed by the
Bay research community. Maintaining Chesapeake Bay Program's momentum will depend on two
things. The Bay scientific and technical community must improve understanding of the vital
estuarine processes. Equally important, this understanding must be communicated to the managers
and the public. It is hoped that this conference contributed to this improvement in understanding
and communication.
We wish to thank the individuals who contributed to these Proceedings and the conference
by attending the sessions, presenting the papers, and participating in the discussions. We hope to
continue these exchanges through similar conferences and activities in the future.

Maurice P. Lynch
Joseph A. Mihursky
Conference Co-chairs
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KEYNOTE ADDRESS

Uncertainty in Estuarine Research
John Costlow, Director
Duke University Marine Laboratory
Beaufort, North Carolina 28516-9721

follow, and then a fish kill? Lawyers and administrators and multitudes of scientists are not necessary to
verify that this sequence of events is a certainty.
Another example is the building of ports. Where
there are ports, there are ships, and where there are
ships, there is oil, which sooner or later spills. The
consequence is the death of wildlife and the deterioration of marshes.
In the watershed we can look at the "improvement"
of streams, which amounts to straightening, with the
cutting down of streamside vegetation. The runoff
carrries the consequence downstream, where the result
will be the posting of a sign announcing "Closed to
shellfishing."
So if all these things are certain, what are the
uncertainties of estuarine research?
What do we really know? What do we need to know
as we approach the end of the 20th century? The situation is really one of ignorance in a sea of knowledge.
An example of determining what we really know is a
report drafted by Kirby Smith and me reviewing 4,693
reports on the Newport River system in North Carolina.
These reports represent over 190 collective years of
research at a number of labs, and what they tell us is
summarized in 80 pages of lay language. This document should furnish some guidance to decision-makers
about what we know and where we should go from
here.
There has been plenty of deliberation in the past
about where we should be going. Past publications
have outlined what needs to be done next. One thing
we must do next is adopt an interdisciplinary approach.
Interdisciplinary research has arrived for the blue-water
oceanographers, and perhaps one day this will happen
to the shallow-water researchers as well. Are we as
scientists practicing what we are preaching? A useful
document along this line is "A Good Bay Agreement
and Ways to Make it Better." Another is a draft report
for the first year of the Albemarle Pamlico project,
entitled "Citizens Guide to Coastal Resource Management."
Another area of uncertainty is this: To what degree

My question today is why there is any uncertainty
left in estuarine research. After all, AERS began
looking at estuarine research in 1947. A monumental
research symposium was held in 1964, and the Estuarine Research Federation was formed shortly thereafter.
Within this time we have also seen the establishment of
the U.S. Office of Naval Research, the National
Science Foundation, the Environmental Protection
Agency, the National Oceanographic and Atmospheric
Administration, Sea Grant, and the Department of
Energy. With all this activity, why are there any
uncertainties? We deal in facts, unlike the soft sciences. For example, in the physical sciences, everything has been reduced to equations. Tide tables are
available for dates far in the future-there is no
uncertainty about them. The National Estuarine
Inventory Data Analysis contains detailed information
on the James and other rivers. The chemical facts of
water are undisputed-water contains two atoms of
hydrogen and one of oxygen. The biological sciences
do still have a few areas that are not as determined as
the chemical and physical sciences. Nevertheless,
biologists have made major strides in recent years for example, in DNA, RNA, and genetic manipulation,
and the buzzword now in Washing ton is marine biotechnology.
Questions do remain. In North Carolina, for
example, there is the question of the striped bass. There
are not many left, and people ask why. There is that
gift from Florida, the red tide. Blame for these problems has been placed, in some quarters at least, on the
Russians flushing their bilges or on a vicious plot by
developers.
Outside the research laboratories, in the real world,
are we dealing with certainty or uncertainty? Some
things are certain. For example, we can look at an
aerial view of an entrepreneur's effort to make waterfront property available to more of mankind-a canal
system. It is certain that this enterprise will lead to
more people, which will lead to more sewerage.
Inevitably this enterprise leads to sewage pollution.
Must we deliberate about whether an algal bloom will
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dollars, profits, and accelerated runoff including fecal
coliforms. Will laws and regulatory agencies take care
of this degradation? The Coastal Improvement Agency
issues permits only for development above high water.
The Environmental Quality Agency is responsible for
water quality at the water molecule level but has no
responsibility for the watershed or its resources.
Another group (the Resource Agency) is responsible for
living resources. Citizens trying to unravel a problem
get very frustrated trying to find someone who has
authority to deal with it. These different agencies rarely
meet, and they report to different cabinet officers. The
citizens must wonder whether the bureaucrats really
care about the environment. Is there a chance, they
wonder, that partisan politics and economic gains may
be more important?
A final uncertainty is long-term, sustained funding
for specific objectives. A new bill, the ChaffeeMitchell bill on Marine Research Funding, would
provide $30 million for research in 10 geographic
districts, in environmental issues in coastal waters. We
need to look at what this bill would achieve, and
whether this bill is the best way to do it.
We need a better understanding of what we know
and what we need to know. We need to bring citizens,
legislators, and local government into closer cooperation. We need to be sure that good sound management
practices evolve from this information. And we need to
be sure adequate funds are available for long-term
research; we do not need pork-barrel efforts that will
come back to haunt us.

are we successful and dedicated in getting citizens
involved in the effort? If we don't know what needs to
be done, it will be hard to persuade citizens. We should
include legislators and local governments in our
thinking. Albemarle-Pamlico, for instance, is surrounded by 20 coastal counties, each of which has a
board of supervisors, usually five men. These are lay
people who earn their living at something besides
marine science, and they may have little understanding
of what these scientific documents mean. (The EPA
Journal may be a little more understandable.)
Implementation of sound management practices is
the largest uncertainty. We can see this problem in a
hypothetical situation, perhaps described as a faraway
place, where, unlike our respective home states, a
myriad of agencies are presumed to be responsible for a
myriad of carefully delineated problems. The scenario
might concern stormwater runoff. The rain goes
downhill, into an estuary. Imagine a large estuarine
system. Over the course of 400 years it has evolved a
tradition of fishing, first commercial and then recreational. The state has established a mechanism for
identifying water quality status: a rating of SA indicates
fewer than 14 fecal coliforms per 100 cc of water; SB
and SC follow as higher fecal coliform counts indicate
water of progressively poorer quality. Shellfish are
taken only from SA waters. There is an absolute; if the
level goes over 14/100 cc, one agency calls another,
and the water is closed to shellfishing until the count
goes down again. Over 320,000 acres have been closed
over the last 40 years. Motels, shopping malls, and
condominiums have arrived, bringing with them
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PHYSICAL PROCESSES
Eric Itsweire, moderator

Changes in Understanding of the Circulation of the Chesapeake Bay
William Boicourt
The Johns Hopkins University
Chesapeake Bay Institute
The Rotunda, Suite 340
711 West 40th Street
Baltimore, Maryland 21211

cent, and that the role of wind coupled with the quarterwave seiche can be quite important, as important as the
diurnal tide. Wind can excite a near-resonance process,
with large-amplitude seiches and strong surges and
anti-surges.
The other new tool now available both to reveal the
physics and to integrate the catalog of processes is
numerical modeling. Process modeling is less expensive than simulation modeling, but it is more difficult to
compare directly to observations. Both kinds of
modeling are needed.
Recommendations for research directions include:
•Long-term (3-5 years) measurements
• More three-dimensional studies of circulation
processes
• Boundary and lateral meeting processes
•Wind stress field (data are woefully inadequate)
• Bottom stress field
• Process modeling
• Simulation modeling
• Model-observation comparisons
• Exchange between the estuary and the shelf

We have been aware of the primary circulation of
the Chesapeake Bay for about 40 years. The fresh
water is introduced by the rivers and is amplified, so
that the circulation in the Bay is considerably larger
than the flux of the rivers coming into it. The paradigm
is tidal action over a rough bottom, mixing salt and
fresh water and driving the gravitational circulation.
During the last 40 years we have learned about meteorologically forced circulation and topographically
controlled circulation. We are challenged by questions
such as where nutrients, dissolved oxygen, suspended
sediments, and toxics go. There is much we do not
understand about transport and mixing. We thought the
primary mechanism was primary circulation, but now
we realize that something else is also at work, and at a
relatively small scale. Our current knowledge is
inadequate to describe transport processes, as it
principally pertains to large-scale processes.
A number of discomfitting possibilities must be
considered:
• Mixing may be non-uniform in space and time.
• Transport may be dominated by transient, episodic
events.
• The vertical exchange may be localized.
• Topographic controls may dominate.
• The boundary conditions for mathematical modeling may defy straightforward formulation.
The variability we observe includes tidal variability
(time span of a tidal period); quarter-wave seiche (1.7
day period); local forcing (4-10 day period); non-local
forcing (4-10 day period), and gravitational circulation.
The meteorological response can be determined if the
effects of local forcing are removed.
Two new tools are available for research. The first
is the bottom-mounted acoustic Doppler profiler, which
can measure the horizontal flow of water very precisely. For instance, in the Patuxent River, intrusions of
high-salt water across the entrance sill are being studied
with this instrumentation. Results are showing that the
middle portions of the water column are more quies-

QUESTIONS

Q: Are we missing a component in not studying longterm flushing? What is its importance compared to that
of the quarter-wave seiche?
A: We have not done quantitative checking on this, but
the outflow of a quarter-wave seiche is lost to the
system, and the inflow is totally new water. So
seiching provides an indication of integrated inflow
from the continental shelf.
Q: Internal waves were not mentioned. What is the
period of the lateral seiche?
A: The process catalog includes longitudinal, lateral,
and mixing processes. The lateral internal seiche time
is 8-20 hours. A higher-frequency lateral seiche may be
important as well. The surface gravity wave seiche is
on the order of minutes.
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Opportunities to Improve Understanding of the Circulation of the Chesapeake Bay
Thomas Osborn
The Johns Hopkins University
Chesapeake Bay Institute
The Rotunda, Suite 315
711West40th Street
Baltimore, Maryland 21211

We have a need for future research in estuaries, and
we need to consider how to use modem technology.
Research is being driven by a strong need for sensible
management decisions. The Bay must be dealt with as
the large ecosystem that it is. It interacts with itself, its
watershed, and its population. Physical circulation is of
primary importance, and we need to understand its role.
We understand the circulation qualitatively for the
mean flow and for some of the low-frequency fluctuations. Our understanding of short-duration and smallscale variations is still rudimentary.
The processes responsible for the horizontal and
vertical transport are understood: advection by the
mean flow, and advection by the fluctuating flow terms
such as turbulent diffusion.
Is sufficient fundamental research being done to
support the decision-making process for Chesapeake
Bay restoration and preservation? No, because most
Bay questions, while appearing simple on the surface,
require a detailed understanding for a satisfactory
answer. An example is the "simple" question of how
much nutrient loadings should be reduced. This simple
question generates others: How much and how fast will
it improve the quality of water in the Bay? Does it
matter where the reductions are made? These are very
difficult questions to answer. Thus it is obvious that we
need to do fundamental research on the Bay's physical
processes so that we know what makes the system run.
New opportunities for information are available:
•Remote and large-scale sampling of surface
currents is possible.
• High-resolution Doppler profiles of the current
field and the velocity field can be procured, either
from moored instruments or as transects from
moving vessels.
• Data from airborne and satellite remote sensing are
available (although it must be remembered that use
of satellite data is difficult and time-consuming,
and resolution is low).

•Measurements can be made of small-scale turbulent mixing processes.
For example, in the Delaware Bay NOAA used data
from a radar backscatter system to show a two-dimensional circulation. This kind of monitoring (COD AR)
can and should be done on the Chesapeake, as it
provides answers to long-term questions.
As another example, Doppler profiles show that
circulation in the Chesapeake has three layers: downstream at the top and bottom, and upstream in the
middle.
The Bay Program needs a substantial commitment to
sampling as well as modeling the circulation. If
sampling is inadequate we do not know whether all the
processes that are taking place are being reflected in the
model.
QUESTIONS

Q: Is the three-layer circulation ephemeral? What are
the implications for sediment transport?
A: We don't know yet; longer-term studies, over
several days or many tidal cycles, are needed.
Q: What were the velocities on the cross-Bay transect?
A: In November, 10 m/sec.
Q: What about the labor force necessary to perform the
research you outline?
A: The number of people required is not that large for
COD AR and the bottom-mounted acoustic doppler profiler. The money goes into equipment rather than staff.
Q: How about staff for interpreting the results?
A: This does require staffing. Although support has
been available for interpretation in open-ocean research, funding for this activity in estuaries is falling
through a crack between the National Science Foundation and the Environmental Protection Agency. It looks
"too applied" to NSF and "not applied enough" to EPA.
I think we need a serious, peer-reviewed scientific
program running on the order of $1 million a year, and
we need a long-term commitment.
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Stratification Control and Bay-Shelf Exchange: Two Physical Processes and
Their Implications for Ecosystem Dynamics
David M. Goodrich
NOAA Office of Climatic and Atmospheric Research
6010 Executive Blvd. Room 825
RockviIJe, Maryland 20852

The salinity of the lower Bay shows much more
variability than does the upper Bay, as the exchange
with the ocean is a major factor in the salt balance. The
tide is a background source of mixing energy, which is
constant in time but spatially variable; the amplitude in
the upper Bay is half that in the lower Bay. The
condition of stratification is thus a dynamic balance
between the buoyancy inputs (runoff and surface
heating) and mixing energy inputs (tide, wind, and
surface cooling).

Much of the interest in estuarine research revolves
around ecosystem effects, and it is important to link the
results of physical process research to the ecosystem. It
is axiomatic that the major advances in estuarine
research are interdisciplinary, and it is these interdisciplinary results that are of most interest to management.
Two recent examples are the studies of Hurricane
Agnes [Chesapeake Research Consortium, 1976] and
the investigation of anoxia in the Bay in the early
1980's [Officer et al. 1984]. I will present here two
examples of physical processes that have implications
for the living resources, with some suggestions for
future research directions.

Prospects for prediction and hindcasting
The processes controlling stratification are well
understood on a large scale, but more work is needed to
better define the small-scale processes. A large
historical data base exists on the internal behavior of
the estuary and on its boundary forcing (including
current, salinity, and temperature for the former, and
runoff, sea level, and wind for the latter). Large-scale
hydrodynamic modeling is in a relatively advanced
state. For example, the model developed by Blumberg
and Goodrich has simulated the overturn that was
observed in September 1983. Prospects are good for
determining the natural variability in stratification using
a combination of hydrodynamic modeling and historical
observations. This natural variability could then be
removed as a factor in the interannual variations in the
anoxic water mass. Unlike the two previous speakers, I
am not convinced that a large-scale field program is
necessary to solve this particular problem.

SEASONAL STRATIFICATION

The vertical density distribution has a strong influence
on the distribution of nutrients in the water column, and
the degree of vertical mixing has been shown to have a
strong influence on the seasonal succession of phytoplankton. The natural variability in stratification also
affects the seasonal development of the anoxic water
mass in the Bay. Seliger and Boggs [1987] have
suggested that streamflow-induced change in stratification is the major source of interannual variability in
summer volume of anoxic water. This possibility has
major implications for nutrient control strategies.

Processes controlling stratification
Four major processes influence stratification in the
Chesapeake: runoff, tidal mixing, wind mixing, and the
dynamic balance of heating and cooling effects. In an
annual cycle (Figure 1), salinity generally drops in early
spring, responding to the spring freshet, and reaches a
minimum in June. Stable stratification sets up in May
and persists through the summer. The first major wind
event in the fall brings together salinities in the top and
bottom water, and they are mixed intermittently thereafter [Goodrich et al. 1987]. A large wind event can
leave the water column completely mixed (Figure 2).

BAY-SHELF EXCHANGE AND BLUE CRAB LARVAL
RETENTION

Another example of the impact of physical processes
on the ecosystem is found in the exchange between the
Bay and the shelf, and its effect on the larval population
of blue crabs.
Crab populations are seemingly unaffected by
pollution or fishing pressure, but the natural variability

7

PLENARY SESSION
Figure 1. Continuous surface and bottom
salinity from two current meter moorings
in the mid-Bay region (off Patuxent River
entrance) and in the lower Bay (between
the Rappahannock and York rivers). Data
have been lowpass-filtered to remove
variance at tidal frequencies and above.
Data from NOAA Chesapeake Bay
Circulation Survey.
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in stocks is so great that any anthropogenic signal
would be difficult to discern. Much of this variability
stems from the blue crab's early life history. The larvae
develop offshor.e, and the return of the postlarvae
(megalopae) to the Bay depends on physical transport.
Current data (Figure 3) indicate that the Eulerian mean
flow field at the Bay entrance was relatively stable in
the two years of observation. Superimposed on this
flow is a strongly variable wind-driven exchange, the
magnitude of which can be accurately estimated from
sea level records at virtually any time (Figure 4).
Three-year daily records of megalopae collected at

the VIMS pier in the York River show an episodic distribution. Thirteen of the 18 peaks observed over the
three years correspond to positive anomalies in subtidal
volume, including the largest 1985 peak, which
occurred during the massive storm surge associated
with Hurricane Juan (Figure 5). This correspondence
suggests that an important mechanism for the return of
megalopae into the Bay is transport via wind-driven
exchange events. Analysis of the frequency of these
exchange events over a 28-year period indicates that
they reach a fall peak in the last two weeks of September, during which time an average of roughly two
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also pass through the mouth of the Bay in relatively
non-motile forms. If recruitment studies for these
organisms are to resolve the dominant transport
processes, they should include daily sampling. Weekly
or biweekly sampling cruises are likely to miss the
wind-associated recruitment events that may dominate
the recruitment process.
A climatological approach to physical studies of the
Bay can be very productive. As the above example
suggests, small changes in the long-term physical
behavior of the system can have significant effects on
particular species. A climatological analysis of the
many available long-term records is needed both for
ecological applications and as a benchmark for numerical model simulations.

inflow events greater than a tidal prism can be expected
(Figure 6). The 28-year record indicates that an
average of ten events of at least this magnitude can be
expected during the July-November period when
megalopae are present. The number of inflow events
increases in the late summer, reaching a maximum
around the equinox before leveling off. This is significant because water temperatures decline rapidly after
the equinox until the megalopae cannot sustain activity.
The main point here is that these transport events are
not fortuitous but rather must be considered a stable
feature of the flow climatology of the Bay entrance. It
seems plausible that the blue crab has evolved a
strategy to take advantage of this feature.
The larvae of a number of other commercially
important species, such as menhaden and croaker, must
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QUESTIONS
Q: It should be noted that there is a contradiction
between your assessment of the suitability of the
longer-term data bases and the assessment that Boicourt
has made.

Marine environmental assessment, Chesapeake Bay, 1983
annual summary. NOAA National Environmental
Satellite, Data and Information Service, Washington, D. C.
81 pp.
Goodrich, D., W. Boicourt, P. Hamilton, D. Pritchard, 1987.
Wind-induced destratification in Chesapeake Bay. J.
Phys. Oceanogr. 17:2232-2240.
Officer, C., R. Biggs, J. Taft, L. Cronin, M. Tyler, W.
Boynton, 1984. Chesapeake Bay anoxia: origin, development and significance. Science 223:22-27.
Seliger, H., J. Boggs, 1987. Anoxia in the Chesapeake Bay
(abstract). EOS Trans. Am. Geophys. Union 68(30),
1692 pp.
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BJOAVAJLABIUTY OF TOXICS
James G. Sanders, moderator

Chemical and Physical Processes Influencing Bioavailability of Toxics in Estuaries:
An Overview
model compounds. Is complexation a detoxification mechanism? Are particulate-associated
contaminants still toxic? How important is
concentration in the surface microlayer?
•Understand the role of biota in the transfer of
pollutants. Is transport across the sediment/water
interface an important process? What about fecal
pellet production? What is the fate of contaminants associated with biological tissues?
• Examine the importance of anoxia on transport and
availability. Is availability increased or decreased?
Is the reservoir capacity of the sediments increased
or decreased?
• Evaluate the importance of sediments as a controlling mechanism. Are they a sink or source, and for
which contaminants? What controls the flux of
carbon and contaminants across the sediment/water
interface?
•Understand the role of communities in the transport
and transformation of contaminants. Can we move
away from laboratory experiments with single
species? Can we move toward natural community
manipulations and microcosm approaches?
-J.G.S.

Within the Chesapeake Bay region, pressure from
increased population continues to mount. Population
increases bring increases in water use, shipping,
recreation, the location of industries on the water-and
it is inevitable that the Chesapeake Bay will be subjected to continued loading of toxic substances.
We as a regional society must address the potential
impact of contaminants in the Chesapeake Bay. To
predict and assess impact, however, we must first
understand the processes that control contaminant
toxicity and availability. This session is an attempt to
present the current view of our knowledge in this area
-how contaminants move through the estuary and the
coastal zone, and what abiotic and biotic processes control contaminant movement, fate, and bioavailability.
This session will be composed of two speakers; one
will generally address inorganic contaminants; the other
will address organic substances. The focus will be not
only on what we know, but also on what we must still
discover. In that regard, I offer the following recommendations for further research. I ask that you keep
them in mind as you listen to the following speakers.
• Determine how partitioning affects the toxicity of
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Factors Affecting the Bioavailability of Toxic Trace Elements to Estuarine Organisms
Gerhardt F. Riedel and James G. Sanders
The Academy of Natural Sciences
Benedict Estuarine Research Laboratory
Benedict, Maryland 20612
INTRODUCTION

elements, and organic compounds (Figure 1).
For cationic elements, free ion activity appears to be
the major factor determining bioavailability [Sunda and
Guillard, 1976; Anderson and Morel 1978; Sunda et al.
1978; Engel and Sunda 1979; Rueter and Morel 1981;
Anderson and Morel 1982; Harrison and Morel 1983;
Morel and Morel-Laurens 1983; Zamuda 1984; Wright
and Zamuda 1987]. For example, the uptake of copper
by oysters is largely controlled by the copper free ion
concentration of the medium, and to a lesser extent by
the copper content of the food [Zamuda 1984]. However, other chemical forms may be available. For
example, an uncharged complex may provide a second
route of access to the cell. For the grass shrimp
(Palaemonetes pugio) [Engel et al. 1981] and several
species of phytoplankton [Sanders and Abbe 1987a,b],
it appears that the calculated activity of the uncharged
species AgCl better explains the availability and
toxicity of silver than does the calculated free silver ion
activity.
For anionic trace elements (e.g., chromate, molybdate, selenate, arsenate, germanate ), bioavailability
is most often controlled by competition for uptake with
a similar nutrient ion of greater abundance (i.e., sulfate,
phosphate, or silicate). For those elements whose
availability varies inversely with sulfate (chromate
[Riedel 1984, 1985a], selenate [Schrift 1974; Wheeler
et al. 1982], molybdate [Howarth and Cole 1985; Cole
et al. 1986]), salinity plays a dominant role in bioavailability. This is shown in Figure 2 for the effect of salinity
and sulfate on chromate uptake by phytoplankton
[Riedel 1984). Arsenate behaves as a phosphate analog
[Blum 1966; Planas and Healy 1978; Sanders 1979],
and germanate behaves as an analog of silicate [Azam
and Volcani 1981], so the availability of these metals
varies according to the concentration of their analog,
which in tum is highly dependent on biological activity.
A third group of trace elements are those which form
lipophilic organo-metallic compounds, such as methyl

The many factors altering the bioavailability of toxic
trace elements may be considered in two major groupings. One group consists of processes that somehow
change the availability of the contaminant present, but
do not alter its total amount or basic chemical form.
This group of factors includes organic and inorganic
complexation, ionic strength, pH, redor reactions, and
competition with similar compounds. Tnese factors are
rather general in nature, applying to large groups of
organisms and large groups of elements in a wide
variety of environments.
The other major group of factors controlling
bioavailability comprises processes that control the
concentration, distribution, or chemical form of the
contaminant within the system. Factors in this group
include sources and sinks, such as adsorption, flocculation, sedimentation, and remobilization, redox reactions, and the formation of organometallic compounds.
While these factors do operate in most environments,
their relative importance in each environment with
respect to a particular element is highly variable, and to
adequately quantify their effects requires study of a
specific site and element.
It is also important to note that organisms are not
merely affected by the trace elements in question; their
activities in the environment also help determine in
large measure the factors that control bioavailability of
trace elements.
GENERAL ROUTES OF TRACE ELEMENT UPTAKE

In discussing the bioavailability of trace elements to
organisms, it is useful to consider groups of compounds
that have similar patterns of availability. A focus of
recent research has been the effect of chemical form, or
speciation, of trace elements on their availability to
aquatic biota. There are three groups of contaminants
for which generalizations concerning bioavailability are
available: cationic trace elements, anionic trace

14

Bioavailabi/ity of Toxics
Figure 1. Dominant routes of uptake for three
important trace element groups.
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and dimethyl mercury, methyl and ethyl lead species,
and methyl and butyl tin. There are few direct comparisons of the bioavailability of alkyl compounds and their
inorganic precursors, but in general it appears that their
uptake and toxicity is enhanced by their greater lipid
solubility. For example, in a study of the uptake of
inorganic and methylmercury by the diatom Skeletonema costatum and the copepod Acartia clausi,
methylmercury resulted in much greater uptake of total
mercury than inorganic mercury [Fujiki 1980]. For
inorganic and organo-tin compounds, there is a general
correlation between the octanol/water partition coefficient (Pow>• an index of the lipophilicity of the compound, and the toxicity to phytoplankton [Wong et al.
1982) and to animals [Zuckerman et al. 1978).
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The ability of marine organisms to accumulate trace
elements has been well documented; the literature is
replete with studies of pollutant levels in organisms
from the Chesapeake Bay [Young et al. 1980; Abbe
1982; Bieri et al. 1982; Di Guilio and Scanlon 1982;
Hung 1982; Phelps et al. 1985; Abbe and Sanders 1986;
Shigenaka and Calder 1987; Wright and Foster 1987].
Less well known, and currently under study, is the
relative role of various uptake processes. For those
organisms (primarily animals) that can live in a medium
containing a dissolved toxic element, contact sediment
with high concentrations of the element, and ingest
other organisms that have already incorporated the
element, the logical query is which source contributes
most to the uptake of the toxic. The answer, of course,
varies for different organisms and pollutants; however,
in general, water appears to be the most important
source of most toxics to the greatest number of organ-
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Figure 2. Uptake of chromate by phytoplankton at several
combinations of salinity and sulfate concentration. (A) Uptake
as a function of total chromate in medium. (B) Uptake as a
function of the ration of sulfate to chromate in the medium
[from Riedel 1985a].

isms. Much of the metal present in food is not passed
across the gut wall. Generally speaking, uptake of
contaminants from food is more important for larger
animals, for which surface absorption is less important.
Animals have been shown to take up large amounts of
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metals from contaminated sediments, but it is usually
not clear whether the materials have been ingested or
absorbed directly from interstitial water.
The uptake of silver by oysters from Chesapeake
Bay is solely from silver dissolved in water. Uptake
from either algal food or sediment is insignificant in
comparison [Sanders and Abbe 1986; Sanders and
Abbe 1987c]. However, copper uptake by the same
organism is more complex. Uptake of dissolved copper
occurs readily, largely controlled by the availability of
the free copper ion. Copper is also taken up from food,
although to a lesser extent. It appears that colloidal
organo-cupric complexes are also available [Zamuda
and Sunda 1982; Zamuda 1984; Zamuda et al. 1985).
Through the predator/prey relationship, the potential
exists for toxic trace elements to be passed up the food
chain from autotrophs to herbivores to carnivores. In
past years, such food chain transfer was thought to lead
to increased body burdens at each step in the chain,
resulting in top carnivores with extremely high concentrations of toxic metals, toxic responses within the
population, and even potential toxicity to human
consumers. Recent work, however, has shown that
most trace elements do not get magnified as they are
passed up the food chain [Young 1984]. Biomagnifica-

A.

tion through food appears to be a significant factor for
very few trace elements; methyimercury [Fowler 1982]
appears to be a notable exception.
Aside from the concentration and sequestering of
trace elements, organisms have the capability to alter
the chemical form or partitioning of many trace
elements. Such shifts alter biological reactivity and
toxicity of these elements and can alter their rate of
transport through the estuary as well as their eventual
fate. Potential metal/phytoplankton transformations are
illustrated in Figure 3.
FACTORS THAT ALTER BIOA VAILABILITY OF
TRACE ELEMENTS AT FIXED CONCENTRATIONS

Ionic strength
In concentrated salt solutions, the activity of an ion is
reduced because of the interaction of its charge with
other nearby ions. In general, the individual ion activity
coefficient ranges from 1.1 for uncharged species to
approximately 0.1 for triply charged species in fullstrength seawater [Stumm and Morgan 1970). In
practice, changes in bioavailability due to ionic strength
alone must be considered in conjunction with changes
due to inorganic and organic complexation.
Inorganic complexation
A number of ions are present in seawater in almost
constant ratio to one another. Although these ions are
not particularly strong complex formers, their concentrations in seawater are high enough that the most
predominant chemical species of most trace elements
are ion pairs or other complexes with these ions. Other
ligands (e.g., sulfide) are of biological origin and have
wide variation independent of salinity. Under some
circumstances, however, they may be important in
determining the chemical speciation of inorganic
pollutants.
Inorganic complexation of the various trace elements
differs greatly. For example, the inorganic speciation
of copper is dominated by complexation by hydroxide
and carbonate species; it is only slightly complexed by
the very abundant chloride ion [Sunda 1975). Silver
and cadmium, however, have comparatively high
binding constants for chloride, and their inorganic
speciation is dominated by chloride complexes [Engel
et al. 1981; Jenne et al. 1978; Sanders and Abbe
1987b]. The binding of various ions fa a highly
interdependent process since they compete for common
ligands; however, the majority of the important
equilibrium constants are well enough known that
computer models can readily estimate the binding by
inorganic ligands.

~DISSOLVED

y

METAL<O•

INCORPORATION
ANO SEDIMENTATION
(Cr)

RELEASED

B

ORGANOMET AL
(As, Hg}

DISSOLVED
METAL ION
RELEASED
REDUCED METAL
(Aa)

c.

PHOTOREDUCTION
.---~VIA EXCRETED ORGANICS

(Cr, Cu, Mn, Fe)
DISSOLVED
METAL ION
COMPLEXATION
---~BY

EXCRETED ORGANICS
(Fe, Cul

Figure 3. Possible interactions of dissolved metal ions with
phytoplankton, including changes in partitioning (A), direct
transformation of chemical speciation (8), and indirect
facilitation of complexation and photoreduction (C).
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organics complex toxic trace elements. Finally, the
active sites of enzymes and uptake sites of trace
elements contain the same variety of pH-sensitive
groups, and the activity of these systems varies with pH
as well. Thus, the effect of pH on the availability of a
given element to a particular organism in a specific site
depends on a variety of effects. Some of these effects
(e.g., the effect of pH on inorganic complexation) are
rather straightforward to predict, whereas others (the
effect of pH on organic complexation and on uptake of
the metal) are more difficult.
Algal photosynthesis results in the removal of
inorganic carbon from the water column and a resulting
increase in pH; during bloom events, such increases can
be substantial. In the freshwater section of the Potomac
River during 1984, a persistent bloom of Microcystis sp.
caused substantial variability in pH, with maximum pH
of >10 [Seitzinger 1986]. Such a large shift in pH can
greatly affect the bioavailability of trace elements.

Organic complexation
In addition to the inorganic ligands present in aquatic
systems, organisms also produce, either through
excretion, leakage or decay, a variety of organic
compounds that may also complex and reduce the free
ion activity of trace elements. Dissolved organic
compounds (DOC) range from 0.1 mg l ·1 in unpolluted
freshwater to 1-2 mg l ·1 in seawater to 10 mg l ·1 and
higher in highly productive or polluted water. Concentrations in the Chesapeake Bay range from 1.9 to 13 mg
l ·1 [Sanders 1982; Sigleo and Helz 1982; Newell 1983;
Zamuda 1984; Newell and Sanders 1986]. The
composition of the organic matter varies depending on
the source, but it contains many functional groups with
metal-complexing capabilities. Unlike the situation with
inorganic complexing ions, natural organics contain a
large number of compounds of varying complexing
strengths [Dzombak et al. 1986; Fish et al. 1986].
Therefore, except for a few studies on specific chelators
found to be excreted by algae or released into the
environment by human activity, the studies of complexation by natural DOC are largely empirical.
Only a few metals (iron, copper, zinc, and mercury,
which have the greatest affinity for ligands) are
complexed significantly by natural DOC. Copper is
organically complexed to a large extent (50-98%)
[Hanson and Quinn 1983; Zuelke and Kester 1983;
Mills and Quinn 1984; Sunda and Hanson 1987], by a
variety of dissolved organic compounds, some of which
are relatively labile, and some of which are kinetically
inert. In fresh water, where the sources of DOC are
highly variable, there is little correlation between DOC
and copper complexation capacity between different
sites; however, in marine and estuarine waters, including the Chesapeake Bay, where the DOC is largely of
autochthonous origin and is more homogeneous on
spatial and temporal scales, there is a significant
correlation between DOC concentration and copper
complexation capacity [Newell and Sanders 1986; van
den Berg et al. 1987].

PROCESSES AFFECTING TRACE ELEMENT CONCENTRATION, DISTRIBUTION, AND FORM

In the previous section we have discussed a number of
factors that can affect the bioavailability of a trace
element to estuarine organisms at a fixed total concentration. There are also factors that control the total
concentration, distribution and form of the element to
which organisms are exposed in the Bay. These are
discussed below, and are diagrammed in Figure 4.

Sources
There are several sources of toxic trace elements to the
Chesapeake Bay (Table 1). One of the most important
is runoff of fresh water from the land. Industry,
agriculture, and municipal effluents each contributes a
significant load of compounds. Many toxic trace
elements are present in the air as suspended particles
(e.g., copper and zinc) or as vapors (e.g., mercury, lead,
selenium, and arsenic) and can be deposited by rain or
through dry fall. Aeolian flux of some metals has been
estimated for Chesapeake Bay, and although the
loadings are not large compared to runoff, they are
significant. Aeolian inputs may be a particularly
significant source to the surface rnicrolayer where a
variety of toxics are concentrated, and to areas remote
from industry or other concentrated sources.

pH
Many of the inorganic compounds important in the
complexation of some toxic metals (e.g. carbonate,
phosphate, and sulfate), as well as many of the pollutants, have equilibria dependent on pH within the pH
range of aquatic systems [Zirino and Yamamoto 1972].
Control of the relative abundance of such species
through these equilibria is perhaps the most direct way
in which pH determines the bioavailability of pollutants. In addition, the active sites of most organic
complexing agents are pH-sensitive groups (e.g.,
carboxylic acids, amines, and sulfhydryl residues), so
that pH has a strong influence on the extent to which

Distribution
Estuaries are extremely dynamic systems, moving and
changing constantly in response to winds, tides, and
runoff, so it is difficult to discuss the distribution of a
given trace element in the water and sediment except on
a statistical basis. Nevertheless, some general trends in
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Figure 4. Processes affecting transport and availability of trace elements in estuaries.

because organisms try to maintain position within a
specific environment, incorporation within tissues will
lead to the contaminant remaining within the estuary.
For example, silver has a high affinity for particle
surfaces and is rapidly taken up and incorporated by
phytoplankton as well as by suspended sediments. As
these particles move down the estuary, the silver is
desorbed from the suspended particles and remains in a
dissolved state, complexed with chloride. Silver
associated with phytoplankton, however, does not
desorb, but remains in the Chesapeake Bay and
probably recycles [Sanders and Abbe J.987a,b].

trace element distributions can be discussed. Elements
whose sources are in fresh water are inversely correlated to salinity; that is, mean concentrations decrease
going from the head of the Bay to the ocean, and from
tributaries to the main Bay. This pattern has been
observed for metals such as cadmium, copper, and lead
[Kingston et al. 1982]. Conversely, for those few trace
elements whose concentrations are normally higher in
seawater than in fresh water, a reverse trend is observed, with bottom water and more saline waters
having higher concentrations [Kingston et al. 1982;
Sanders 1985]. Elements that are reduced and solubilized in sediments (e.g., iron, manganese, arsenic, and
zinc) also tend to be enriched in deep waters of the Bay
[Carpenter et al. 1975; Kingston et al. 1982; Troup and
Bricker 1975; Sanders 1985].
The phenomenon of seasonal anoxia in the Chesapeake Bay is undoubtedly a dominant factor in the
spatial and temporal distributions of redox-reactive
elements such as arsenic, chromium, iron, manganese,
and selenium. Unfortunately, virtually no published
studies on this aspect of the anoxia are available yet.
This should be an active area of research in the near
future.
The incorporation of a trace element by biota may
alter its transport within the estuary. In general,

Surface films
Trace elements can become concentrated in two areas
within water bodies: the sediment and the surface
microlayer. The surface microlayer is the upper 50 µm
to 1 mm surface film that lies between the water and the
atmosphere. Many organic compounds and contaminants concentrate there, due to their hydrophobic nature
[Baier et al. 1974; Hardy 1982; Hardy et al. 1986]. The
film also contains a variety of particles, including a
unique fauna and flora [Hardy et al. 1986]. In addition,
the presence of natural organics ensures the presence of
trace contaminants that normally bind to organic complexing agents [Garrett and Duce 1980]. Recent studies

Table 1. Estimated sources of toxic trace elements, in metric tons per year, to the Chesapeake Bay. Data taken
from Bieri et al. [1982].
Source
Major tributaries
Industry
Municipal wastewater
Urban runoff
Shore erosion
Wet fall

Cd

Cr

Cu

Ni

Pb

Zn

75
178
6
7
1
3

551
200
200
10
83
ND

517
190
99
9
29
28

402
ND
ND
20
ND
25

307
155
68
111
28
34

1,444
167
284
63
3
825

18

Fe
199,683
2,006
625

977
57,200
87

Mn
19,000
ND
ND
22
ND
5
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in Chesapeak~ Bay sediments decline seaward from
maxima at Baltimore Harbor, Susquehanna River, and
Elizabeth River [Helz and Huggett 1987].
Organisms within the water column and on the
bottom produce aggregated fecal pellets containing
unassimilated organic matter and inadvertently ingested
sediment particles. Studies of zinc have indicated that
rapid recycling between the sediment and water column
takes place in the northern Chesapeake Bay. This cycle
has been attributed to uptake by phytoplankton,
ingestion by zooplankton, and rapid return to the
sediments in fecal pellets [Carpenter et al. 1975].

in the Chesapeake Bay have found high concentrations
of many pollutants, including metals, in the surface
microlayer [Bellama and Zoller 1983; Gucinski 1986;
Hall et al. 1986; Hardy et al. 1987]. Because of the
high concentrations and the potential for direct uptake
by biota, this layer may represent an efficient and
important transfer mechanism for pollutants. If so, this
mechanism may be particularly important for periodically emergent organisms, such as sedentary animals in
the tidal zone, or emergent vegetation or neuston,
including commercially important fish eggs.
Adsorption
Adsorption reactions may be the important controlling
factors for the distribution of many toxic trace metals in
estuaries, including copper, lead, and zinc [Harris et al.
1975]. These reactions are partly reversible, so that the
material can be desorbed from solids by lowering the
concentration of the pollutant in solution, or by changing the chemical system to favor the release (e.g., a
change in pH, or an increase in competing ions).

Remobilization
lncmporation into sediments and subsequent burial
does not forever remove trace elements from possible
uptake by organisms. Many organisms reside in the
sediments, and are thus exposed to the toxic material.
Toxic substances may be present in the pore waters of
sediment in higher concentration than the water
column. For example, arsenic present in water as
arsenate can be adsorbed onto surface sediments.
When buried in reducing sediments the arsenic is
reduced to arsenite, which is present in much higher
concentration in the interstitial waters than in the water
column. In the Patuxent River, the arsenite concentration in the pore waters is about 50 times higher than
arsenate in the surface waters [Riedel et al. 1987].
Other metals coprecipitated with iron and manganese
oxyhydroxides, such as copper, zinc, and lead, can be
remobilized in pore waters, particularly in the northern
Chesapeake Bay, where low sulfate concentrations
result in less sulfide formation under reducing conditions [Carpenter et al. 1975; Troup and Bricker 1975].
Cadmium also may be remobilized from Chesapeake
Bay sediments [Helz et al. 1975].
Trace elements in sediment pore waters can also be
returned to the water column by diffusion, resuspension
of the sediments, or the activities of benthic organisms.
Benthic infauna alter the transport and availability of
pollutants in sediments in several ways. Organisms
may change the distributiom of contaminants in sediments in a variety of ways, including mechanical disturbance (mixing, pelletization, and sorting), chemical
changes (increased oxygen penetration or organic enrichment), increase of microbial activity, ingestion of
sediment constituents, increase of surface area, and
direct uptake of metals [Rice and Whitlow 1985].
Burrowing activities of Nereis succinea in contaminated sediments, for example, increased the flux of
arsenic by a factor of 5 [Riedel et al. 1987]. This
enhancement corresponded to an approximately equal
increase in the surface area of the sediment due to
worm burrows (Figure 5).

Flocculation
Suspended solids and colloids carrying adsorbed trace
elements can aggregate to form larger particles, which
become more susceptible to the processes of sedimentation and filtration. An important component of the
suspended solids in most river systems is clay particles.
Clay particles aggregate quite slowly in fresh water but
readily in seawater [Stumm and Morgan 1970]. Flocculation can lead to segregation and concentration of
trace metals. In studies of metal interactions with Chesapeake Bay floes, most metals were concentrated in
the smaller size fractions [Gibbs 1982, 1986].
Sedimentation
The sediments are the ultimate repository of most
particles, including large amounts of toxic trace
elements. In particular, the sediments of the turbidity
maximum zone downstream of a major source are often
a major repository. Within the Chesapeake Bay,
Officer et al. [1984] and Helz et al. [1985] determined
that most of the particulate material and associated
toxics entering from the Susquehanna River is deposited at the head of the Bay.
The combined processes of adsorption, flocculation,
and sedimentation are no doubt largely responsible for
the high concentration of toxics found in the sediments
near sources of pollution [Huggett et al. 1971; Pheiffer
1972; Owens et al. 1974; Villa and Johnson 1974;
Goldberg et al. 1978; Sinex and Helz 1981; Wong and
Moy 1984; Di Guilio and Scanlon 1985; Wright and
Foster 1987]. For example, the concentrations of
arsenic, copper, manbd!lese, nickel, lead, tin, and zinc
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Redox reactions and equilibria

Another source of reduced metal ions is photoreduction. The interaction of light, or ultraviolet radiation,
on DOC or on metal organic complexes can either
directly reduce certain metal ions or produce redox
active compounds such as peroxide or superoxide that
can reduce metals. It has been shown that peroxide
concentrations in the Patuxent River undergo a diurnal
cycle, with concentrations increasing in the daylight
hours and decreasing at night [Kieber and Helz 1986].
Peroxide, in tum, has been shown to reduce chlorine
from industrial sources to chloride [Helz and Kieber
1985], and reduce some copper(II) to copper(!) [Moffet
and Zika 1983]. Chromate is reduced photochemically
in the presence of high DOC levels [Riedel 1985b; G.
Helz and R. Kieber, personal communication]. Since
photochemical reactions are favored by the presence of
high DOC and abundant light, it is likely to be most
important in shallow, organic-rich estuarine systems.

Several of the toxic trace elements participate in redox
reactions that alter their biological availability. Most of
the important redox reactions of trace elements are
relatively slow compared with inorganic and organic
complexation reactions.
In the Chesapeake Bay, organic carbon from the
highly productive surface waters fuels a strong oxygen
demand in the sediments and bottom waters. This
demand produces anoxic, sulfide-rich interstitial water
and seasonally anoxic bottom waters in the deep
channel of the Bay. In such waters a variety of metals
(arsenic, chromium, iron, manganese, and selenium)
can be reduced to forms different from the oxidized
form commonly present. Arsenic, for example, is most
stable in oxidized waters as the arsenate ion. However,
in anoxic bottom and interstitial waters, arsenate is
largely reduced to arsenite [Peterson and Carpenter
1983; Sanders 1985; Riedel et al. 1987]. Arsenite in the
sediments and bottom waters can diffuse or be mixed
up into the surface waters, where it slowly oxidizes
back to arsenate. Arsenate is primarily available and
toxic to phytoplankton, which have a requirement for
phosphate, whereas arsenite is more toxic to fauna
[Peoples 1975].
Indirect evidence suggests that sulfide is present in
oxidized seawater and in the Chesapeake Bay at
concentrations of 10 -10 to 10 ·11 M [G. Cutter, personal
communication; Elliot et al. 1985], enough to have
significant effects on the speciation of trace metals such
as silver and mercury. However, standard analytical
techniques are not sensitive enough to measure sulfide
at those concentrations. Moreover, in the Chesapeake
Bay, where there is occasional anoxia and a constant
source of sulfide diffusing from the sediments, concentrations are likely to be more variable.

Organo-metallic compounds
Several metals (antimony, arsenic, lead, mercury,
selenium, and tin) are present in the Chesapeake Bay
partly as covalently bound organo-metallic compounds
(e.g., methylarsonic and dimethylarsinic acids [Sanders
1985, 1986; Riedel et al. 1987], alkyl lead, methylmercury [Zoller et al. 1983], organic selenium [Takayanagi
and Wong 1984], and methyl and butyltin compounds
[Hallas and Cooney 1981; Hallas et al. 1982; Brinckman et al. 1983; Gilmour et al. 1985; Hall et al. 1986;
Westbrook et al. 1986]). In some cases (methylarsenic
compounds, methylmercury, organic selenium, and
methyltins), these compounds are formed in the
environment from inorganic metal by the local biota.
Metals can also be methylated by exchange reactions
with other methylated compounds [Manders et al. 1984;
Bellama et al. 1985; Brinckman et al. 1985].
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Figure 5. Cycling of arsenic in undisturbed and bioturbated estuarine sediment contaminated with arsenic [from Riedel et al.
1987].
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For example, biological uptake of arsenic leads to
the production of reduced and methylated arsenic
compounds, some of which are more toxic to higher
trophic levels than was the original arsenic compound
[Peoples 1975; Sanders 1980; Sanders 1985]. Within
the Chesapeake Bay, large fractions (up to 80%) of the
arsenic may be present in these reduced or methylated
forms (Figure 6).
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The overall conclusion must be that the complexity of
the interactions between physical, chemical, and
biological factors is extreme. This complexity hampers
our ability to fully understand (and more important,
predict) pollutant transport, availability, uptake, and
impact.
Past efforts have focused largely upon determining
the concentration of contaminants within the various
compartments of the system. Although this research
has value, we must move more toward careful study of
the processes themselves.
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Figure 6. Correlation between species composition of
phytoplankton in Chesapeake Bay with methylated arsenic
[from Sanders 1985).
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INTRODUCTION

Settlement of the Chesapeake Bay region began in
earnest in the early 17th century. The native American
population and early colonists were impressed by the
abundance of fish and shellfish and located their
population centers to take advantage of these and other
natural resources. Introduction of wastes into the bay
was coincident with this settlement. As the human
population increased, so did the pressure on the
ecological system. In the 20th century significant
quantities of synthetic chemicals began to be introduced, many of which were toxic and nonbiodegradable
[Faust and Hunter 1971]. Today the areas surrounding
the bay are experiencing unprecedented development;
introduction of toxic organic pollutants has correspondingly increased. Water quality and the abundance of
many aquatic organisms have suffered accordingly
[O'Connor and Huggett 1988].
The bioavailability of organic pollutants is of recent
concern and has not been as thoroughly studied as that
of toxic metals. The initial belief was that "insoluble"
organic xenobiotics were not available to aquatic
organisms. They were assumed to be eliminated by
irreversible binding to bottom sediments, which
supposedly removed any significant threat to the
ecosystem. More recently, we have come to realize that
the term insoluble is a misnomer. All organic compounds possess some water solubility. In fact, it has
been established that many low-solubility compounds
are bioaccumulated or biomagnified to high concentrations in the tissues of organisms. Within several
homologous series of organic compounds, toxicity has
been negatively correlated with water solubility [Veith
et al. 1983; Konemann 1981]. However, since chemically dissimilar compounds may exert their toxic effects
via different mechanisms and influence different
physiological functions, the solubility/toxicity relationship may not be directly applicable across series; the
case of alcohols [Veith et al. 1983] versus organo-

phosphorus pesticides [DeBruin 1976] is a good
example. Sediments in many cases have been determined to be a source of toxic compounds, rather than
merely a sink [Willford et al. 1987]. As a consequence,
we have been forced to re-evaluate our understanding
of the bioavailability of organic pollutants and their
significance to the health of the Chesapeake Bay
ecosystem.
PHYSICAL, CHEMICAL, AND BIOLOGICAL BASIS
OF BIOA VAILABILITY

Water
Water is an obvious and important route for the
exposure of aquatic organisms to organic pollutants.
The water solubility of a compound has a profound
influence on its environmental fate and bioavailability.
Biota may come into contact with high concentrations
of compounds that exhibit significant solubility, e.g.,
alcohols, phenols, and benzenes. Accidental spills and
untreated effluents may result in toxic concentrations of
these compounds in the water, causing obvious acute
effects such as fish kills.
Some of the most toxic organic compounds possess
low water solubilities. Classes of these compounds
detected in the Chesapeake Bay include polynuclear
aromatic hydrocarbons (PAHs), heterocyclic aromatic
compounds (HACs), and halogenated pesticides. Table
1 gives several specific examples. These compounds
may be taken up by biota directly from water, although
dissolved concentrations will generally be very low.
The mechanism of accumulation is believed to be
simple partitioning from water into lipid-rich biological
tissues [Esser 1986]. Active biologically mediated
transport mechanisms are thought to be less prevalent
for organic pollutants than for trace metals; many of the
metals have critical functions in enzyme systems. The
hydrophobic nature of lipophilic xenobiotics provides
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Table 1. Water solubility [May et al. 1978] and LC50

the driving force for the partitioning process. The
presence of nonpolar organic solutes is not compatible
within the polar water phase.
Since laboratory experiments designed to determine
bioavailability directly using fish and invertebrates are
expensive and time-consuming, surrogate tests have
been proposed. For example, the bioaccumulation
tendency of a lipophilic organic generally correlates
with the n-octanol/water partition coefficient or K""'.
Octanol has been suggested as a substitute for biological lipids in these experiments, although some researchers have suggested that critical differences exist in the
thermodynamics of partitioning between water, fish
lipids, and octanol [Opperhuizen et al. 1988]. The
classical approach for the determination of an octanol/
water partition coefficient involves the addition of the
test compound to a vessel containing mutually saturated
octanol and water phases. The contents of the vessel
are then thoroughly mixed and the system is allowed to
come to equilibrium. The concentrations of the test
compound in each of the two phases are subsequently
determined and the coefficient calculated (Karickhoff
and Brown 1979]. Difficulties (e.g., emulsions,
detection limits, and contamination) are inherent in determinations for compounds possessing K0 w values
greater than 100,000. Indirect measurement of the K 0 w
has also been suggested. For example, high-performance liquid chromatography (HPLC) has been used
[Brooke et al. 1986]. Basically, a series of chemically
similar compounds, for which the partition coefficients
are known, are co-injected with the compound of
interest onto a reverse-phase HPLC column. A
correlation of retention time with Kowis then determined and the partition coefficient for the compound of
interest is calculated from this relationship. K0 w values
are often expressed as logarithms, due to the magnitude
of the values and the relationship of this parameter to
bioconcentration factors (BCFs). Table 2 lists the log
BCF and log K 0 w of several organic compounds which
have been detected in the environment. Note that the
BCFs are less than the K0 w values.
Equations relating K 0 w directly to bioconcentration
factors (BCF) in various types of organisms and to
water solubility have been reported (lsnard and Lambert 1988; Esser 1986]. It has been reported that
concentrations of lipophilic pollutants will be similar in
aquatic organisms in general, provided exposure has
been equal, equilibrium has been established, and the
relative lipid contents of the biota have been normalized
[Adams 1988]. Obviously, differences in the biotransformation capabilities of the organisms may alter this
relationship.
K0 w determinations provide no information concerning biotransformation or biological effects. These

(Trucco et al. 1983] for some common environmental
contaminants. Values for LC50 encompass a variety of
organisms and conditions and are used for illustrative
purposes only.
Compound
(mg/I)
31.7
Naphthalene
1.03·
Ronne!
1.00
Phenanthrene
Benz( a)anthracene 0.009
0.012+
Arochlor 1254
0.003*
p,p'-DDT

Solubility
LC50 (mg/I)
1.00
0.49t
0.10
0.01
0.003+
o.0002t

*Data from Chiou et al. (1977).
t Data from Johnson et al. (1980).
+Data from National Research Council (1979).

phenomena are often significant. For example, English
sole exposed to benzo(a)pyrene and Aroclor 1254
exhibited progressive accumulation of PCBs, but little
accumulation of the P AH. This difference was attributed to extensive metabolism of benzo(a)pyrene by the
fish [Malins et al. 1987]. Information on metabolism is
very important in assessing the fate and effects of
chemicals, especially since biotransformation may
result in the production of more toxic or mutagenic
products [Buhler and Williams 1988). Bruggeman et
al. [1984] observed that guppies bioaccumulated
hexachlorobiphenyl, but not hexabromobenzene during
aqueous exposures. They attributed this observation to
the existence of an upper molecular size threshold,
limiting transport across membranes. The importance
of molecular volume has also been suggested by other
workers [Doucette and Andren 1987]. Thus the use of
octanol/water partition coefficients alone may result in

Table 2. The log BCF and log K0 w of several common
environmental contaminants are given. Values are from
Veith et al. [1979), except as noted.
Compound
Naphthalene
Pentachlorophenol
Phenanthrene
p,p'-DDT
Chlordane
Aroclor 1254
*Chiou et al. (1977).
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log BCF
2.63
2.89
3.42
4.47
4.58
5.00

log K0 w
3.37*
5.01
4.46
5.75
6.00
6.47
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an overestimation of the BCF in the case of extremely
large molecules.
The major avenue of entry into biota for lipophilic
compounds varies depending on the organism's size,
morphology, and ecology [Knezovich and Harrison
1987]. For example, sorption to the general cell surface
may predominate for single-cell biota, such as algae or
heterotrophic bacteria. In higher organisms the body
surface may contribute, but specialized respiratory
structures (e.g., gills in fish) often are more important.
Because of the large amounts of water processed by
gills and the high lipid/water partition values (often
>1,000,000), significant amounts of xenobiotics may
rapidly bioaccumulate. Physiological changes may
alter the bioavailability and thus the toxicity of organics
to organisms. Conklin and Rao [1978] exposed molting
adult grass shrimp to pentachlorophenol during various
phases of the ecdysial cycle. They observed greater
sensitivity and enhanced uptake immediately after
ecdysis and attributed these effects to increased
permeability of the cuticle. Newly molted blue crabs
were observed to contain higher burdens of radiolabeled benzo(a)pyrene-derived material, compared with
nonmolting crabs [Hale 1988] after laboratory exposure
of these organisms.

interfacial area achieved by sorption is critical [Mackay
and Powers 1987]. The mechanisms of uptake into
biological lipids and the organic constituents of
particulates appear similar. In comparison, parameters
such as hydrogen bonding and gross electrostatic
attractions contribute little to the sorption of nonpolar
organics to sediments [Voice and Weber 1983].
Sorption of organic pollutants reduces but does not
eliminate availability to biota. Malins et al. [1987]
reported significant correlations of the occurrence of
liver disease in bottom-dwelling fish with the level of
sediment P AH contamination. Huggett et al. [ 1987]
found a variety of abnormalities in fish of the Elizabeth
River, Virginia, compared with specimens from less
polluted rivers. The Elizabeth is heavily contaminated
with PAHs. Hargis et al. [1984] reported acute toxicity
and lesion formation in fish held over Elizabeth River
sediments in the laboratory. Fish exposed to water
alone that had passed over these contaminated sediments also showed signs of chemical stress. This result
indicated that the xenobiotics were quite bioavailable.
Duration of contact between lipophilic compounds
and sediments has been observed to affect their rate of
desorption and bioavailability [Varanasi et al. 1985;
Voice and Weber 1983). Similar observations in regard
to the elimination of lipophilic residues from aquatic
biota, i.e., biphasic depuration patterns, have been
reported [Spacie and Hamelink 1982). Haddock et al.
(1983] reported that extraction efficiency of PAHs,
using organic solvents, was a function of P AH/sediment
contact time. Coal is an extreme illustration of the
bioavailability question. It contains a large variety and
quantity of PAHs. However, these compounds were
found to be biologically unavailable to oysters during
laboratory exposures to suspended coal dust [Bender et
al. 1987]. Indeed, coal and activated charcoal are used
in water treatment for the removal of dissolved organics. An analogous example may be the low availability
of metals incorporated in the crystalline lattice structure
of mineral grains. The transfer of lipophilic xenobiotics
from organic reservoirs of sediments to those in biota
does not present the favorable thermodynamics
observed for partitioning from water to sediments or
biota. Indeed, transfer from sediments to biota may
entail movement into the polar water phase as an
intermediate step. The octanol/water partition coefficient will describe the tendency for this movement to
occur, desorption obviously being less favorable than
sorption. Wood et al. [1987] observed that lower
chlorinated congeners were preferentially desorbed
from PCB-contaminated sediments. They also observed that dipteran larvae present in these sediments
bioaccumulated PCB congeners containing two to four
chlorines in preference to higher chlorinated congeners.

Sediments
As previously mentioned, many organic compounds are
rapidly sorbed to particulate matter. These compounds
may adsorb to the mineral surface directly or to organic
constituents of particles. The latter site is thought to be
the most important [Hodson and Williams 1988].
Means et al. [1980], in determinations of batch equilibrium sorption isotherms, reported that adsorption of
P AHs and HACs onto suspended soil/sediment was
independent of substrate pH, cation exchange capacity,
textural composition, or clay mineralogy. This statement is probably an oversimplification for direct application to waters of the Chesapeake Bay, because of the
effects of factors such as pH on dissolved organics that
may sorb lipophilic pollutants. These parameters are
quite important in the behavior of polar organics and
heavy metals. Grain size has been mentioned as a
significant factor by some researchers [Marcus et al.
1988]. However, sediment grain size and organic content are generally correlated in the aquatic environment.
The relationship of pollutant adsorption to organic
content of sediments is well documented [Karickhoff
and Brown 1979]. Equations relating sediment
adsorption have been reported and generally employ
coefficients such as K0 w [Dzombak and Luthy 1984].
The exact physical/chemical mechanism of sorption
of chemicals to particulates is still uncertain. It has
been postulated that the reduction of the water-organic
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Surface Microlayer

More typically, the bioconcentration of PCBs has been
highest for congeners possessing five to seven chlorines, in accordance with their K"".
Evidence that accumulation and toxicity of organic
xenobiotics are related to the positions of the substituents is also available [Kuehl et al. 1987]. Sediments
collected from sites in the Hampton Roads area of
Virginia were analyzed by capillary gas chromatography and a halogen-selective Hall detector [Hale, in
preparation]. Significant concentrations of both PCBs
and highly chlorinated polychlorinated terphenyls
(PCTs) were identified at one location. Clams collected
at this same site exhibited only PCBs, but the accumulation of lower-chlorinated PCT congeners observed in
bivalves at another site indicated that PCTs were
bioavailable.
Exposure of biota to particulate-associated xenobiotics may occur via direct epidermal contact with
sediment particles. Contact with interstitial water,
which contains higher concentrations of pollutants than
the overlying waters, may be even more important
[Knezovich and Harrison 1987]. Suspension feeders
such as oysters may filter contaminated particles from
the water, and other organisms (e.g., benthic worms)
may ingest bulk sediment [Reynoldson 1987]. Again,
bioavailability of this adsorbed material is lower than
that of xenobiotics dissolved in water.
Resuspension of contaminated sediments via
dredging operations has been observed to increase the
bioavailability of Kepone in the James River [Lunsford
et al. 1987]. Severe hydrographic events, e.g. floods
and hurricanes, may resuspend sediments [Wood et al.
1987]. Bioturbation has also been reported to increase
bioavailability of organic toxics. Reynoldson [1987]
reviewed the results of several studies of bioturbation.
He reported that tubificid worms transported 90% of
hexachlorobenzene, pentachlorobenzene, and trifluralin
to the sediment surface from a uniformly mixed
sediment in laboratory experiments over a 50-day
period. This resulted in a four- to six-fold increase in
contaminants in the overlying water, compared with
unperturbed systems. This work was done by Karickhoff and Morris.
Estuarine circulation and chemistry may result in the
formation of turbidity maxima. This phenomenon is
observed when suspended particulates flocculate upon
contact with saline water and settle. The particles are
then transported up-estuary by tidal currents to less
saline water, where they may dissociate and again be
carried downstream. This cycling leads to the development of a turbid zone with a high sedimentation rate.
Lipophilic pollutants sorb to particulates and may
concentrate in these zones, as was observed for Kepone
in the James River [Huggett et al. 1980].

Organisms on the surface of the water may be exposed
to elevated concentrations of xenobiotics via the surface
microlayer. Lipophilic organics accumulate there
because of solubility, surface tension, and specific
gravity considerations. This accumulation may also be
critical to eggs and larvae of species that frequent this
layer [Hardy et al. 1987]. The surface microlayer will
be discussed further during this conference.

Suspended and Dissolved Organic Matter
Naturally occurring organic matter, e.g., humic acids,
may sorb lipophilic xenobiotics. McCarthy [1983]
reported that dissolved and colloidal organic matter
reduced the bioavailability of P AHs to daphnia in
laboratory experiments. The effect may be physical or
chemical. The molecular size of the complex may limit
bio-uptake, as mentioned previously. The chemical
nature, e.g., the polarity, may also affect the bioaccumulation potential of the bound pollutant.
Carter and Suffet [1982] reported that DDT may
sorb to dissolved humic materials and thus remain in
the water column for extended periods of time. Parameters such as pH may affect the residence time of
naturally occurring organic matter and, in tum, affect
that of associated pollutants. Sorption of lipophilic
xenobiotics to organics and particulates has been
reported to have varying effects on persistence [Leslie
et al. 1987]. Important routes of degradation include
photochemical and microbial pathways.

Food
Organic pollutants may be available to biota via
consumption of contaminated prey items or plant
material. Ingestion of contaminated particulates was
discussed previously. Biomagnification has been
identified as a significant factor for the transmission of
some persistent xenobiotics. For example, food has
been observed to serve as the major vehicle for uptake
of Kepone in blue crabs. Exposure of these crustaceans
to Kepone via water, during laboratory experiments,
resulted in minimal body burdens. However, when
contaminated food (in the form of either James River or
laboratory-exposed oysters) was provided, significant
concentrations of Kepone were accumulated [Schimmel
et al. 1979]. Obviously, differing feeding strategies
will put certain organisms at greater risk, both because
of the items selected, and because of the efficiency of
uptake. The efficiency of transfer of lipophilic xenobiotics from the tissues of prey to consumers will be, as
from the organic reservoirs of particulates, much less
than that from water. Transfer of pollutants to humans
via consumption of contaminated seafood is also of
considerable concern.
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ciable toxicity. Of particular concern are compounds of
low solubility. These compounds may be bioaccumulated or biomagnified to high concentrations. They
sorb to particulates, which may be ingested or settle to
the bottom. Sediment-associated contaminants exhibit
reduced bioavailability, but detrimental effects have
been documented. Little information regarding the
properties of the sediment/water interface is available,
considering its importance with respect to pollutant fate
and bioavailability. Differing feeding strategies and
habitat selection may result in toxics being more available to some organisms than to others. Because the
Bay is shallow, bioturbation, weather events, construction, boat traffic, and dredging may render sedimentadsorbed organics more available via re-working or
resuspension.
The Chesapeake Bay represents a particularly
complex theater for the investigation of the bioavailability question. Salinity regimes range from fresh to
saline. These conditions may have measurable effects
on the residence time of organic species and the
physiology of aquatic organisms. Content of suspended
particulates and content of colloidal and dissolved organics also differ drastically within the Bay. Tidal and
riverine flows affect the disposition of toxics in both the
water column and sediments. Turbidity, dissolved
oxygen content, and temperature all influence the degradation rates of xenobiotics. These complexities will
manifest themselves when laboratory data concerning
bioavailability are applied to actual field situations.

ASSESSMENT TECHNIQUES

A variety of techniques have been utilized to assess
bioavailability. Laboratory procedures are appealing
since variables may be more easily controlled. Bioaccumulation studies, using tissue burdens of parent
compounds, suffer since biota are often able to metabolize xenobiotics which normally go undetected by
conventional procedures. Radiotracers have the
advantage that total xenobiotic material present in the
organism may be determined; however, they are
expensive, have limited availability, and require
specialized handling. Bioaccumulation and toxicity
studies often use environmentally unrealistic exposure
scenarios, e.g., solvent carriers and filtered seawater, to
obtain "reasonable results." Application of organic
pollutants to sediments and immediate use in experiments ignores the effects of contact time on pollutant/
sediment binding. The shortcomings of octanol/water
determinations have been discussed. Adsorption
isotherm determinations provide valuable information,
although the observation that organic components of
particulates are the major constituent into which
lipophilic pollutants partition must be considered.
Nonetheless, these techniques provide information
critical to our understanding of the general processes
controlling bioavailability.
Organic pollutants are readily accumulated by
aquatic organisms. Many compounds exhibit appre-
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Introduction to Plenary Session
In writing the genetics chapter for Perspectives, we
were not able to cover all the areas of interest, and the
speakers for this session were chosen in the hope that
they might fill some of the gaps left by the chapter.
One particular point that was mentioned in
Perspectives was that female striped bass seemed to be

homing extensively in the Bay, whereas the males
appeared to wander. This apparent divergence of
behavior awaited confirmation after analysis of the
1987 data. The 1987 data have been analyzed and they
do support the apparent divergence.
-R.C.
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New Methodology for Immunologic Discrimination of Stocks or
Populations in Fish Species
Raymond Simon
U.S. Fish and Wildlife Service
Kearneysvllle, West Virginia 25430

identity, some of the antibody against which the antiserum was prepared will be unbound and available for
subsequent reactions.
In the second step a competition mixture of antigen,
antibody, and antigen-antibody complex is poured into
a receptacle coated with the antigen used to prepare the
antibody. If free antibody remains that has not been
consumed by the antigen excess, it is available to react
with the antigen that has been immobilized on the
receptacle. That amount can be quantitated by using a
second antibody, labeled with either a radioactive

The immunogenetic section of the National Fish
Health Research Laboratory has worked with striped
bass immunology for three years. Preliminary work
shows significant differences between populations, but
to be useful the work must reach the point where an individual fish of unknown origin can be assigned to the
population of its origin with reasonable certainty.
A variety of approaches can be categorized as
immunological, including the use of some natural
agglutinins found in the serum of pigs. These agglutinate red blood cells without the addition of any antibody, to a different extent in different individuals and
different populations. In some Pacific salmon species,
this approach has indicated a divergence between Asian
and North American stocks. Approaches using
antiserum to purified red blood cells of Pacific salmon
species have shown variable agglutination strengths in
large assemblages from widely separated geographic
areas. Yet another approach has been the induction of
antibody production in rabbits and other animals using
the serum of various salmon species, with double
diffusion in agarose and an analysis of precipitin bands
present and missing.
These three techniques do not lend themselves to
quantitation and are extremely insensitive in comparison to more recently developed techniques, primarily
radioimmune assay in combination with a competitive
binding assay. This approach, in use since 1980,
focuses not on the division of breeding groups within a
species, but rather on a taxonomic assessment of the
identity of the species. Serum proteins are used, as
these secreted proteins display many more readilyacceptable amino acid substitutions than do more
functional proteins such as enzymes.
The competitive binding assay (Figure 1) has two
steps. In the first step, the antibody that has been
prepared against a purified protein is incubated with an
unknown, unpurified serum that contains that antigenic
protein. If the intact serum is identical to the source
from which the antibodies were prepared, then all the
antibody will be bound; whereas if there is lesser

CLOSELY RELATED

na

.ANTIBODY

DISTANTLY RELATED
Figure 1. Diagram of amour.• of antibody bound with
different degrees of similarity to reference antigen, where
much antibody remains unbound when the relationship is
remote and more is consumed with relationships of increasing
similarity.
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identical to the antigen against which the antibody was
prepared), so that the effluent contains only unique
antigen recognition sites. That portion of the protein
now is unique to the population with regard to another
population. In examining larger numbers of populations, a battery of immune reagents is necessary. It is
also necessary to be careful about defining reference
standards, since a sample of any geographic population
is likely also to contain individuals that originated elsewhere. The finding that males are much less likely than
females to return to their place of origin should caution
striped bass researchers to segregate their data on the
basis of gender.

isotope or an enzyme for which specific substrate and
cofactors can be introduced, and the resulting color
development (corresponding to the amount of protein
bound) can be measured spectrophotometrically.
Although this approach works well there are
complications. The first level of complication is that
two populations may produce individuals with identical
absorbance readings. The situation is analogous to
examining a polyacrylamide gel from the end rather
than from the side - three bands at entirely different
locations may still produce the same absorbance. The
advantage of this system, however, is that the antigenantibody complex can be removed with the use of
affinity columns (provided that the antigen is not
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Mitochondrial DNA Analysis of Chesapeake and Delaware Bay Populations
of Fundulus heteroclitus
Michael W. Smith, Robert W. Chapman, and Dennis A. Powers
Department of Biology
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Charles and 34th Street
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Chesapeake Bay Institute
The Johns Hopkins University
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found in the mitochondria of all eukaryotes. In F.
heteroclitus it is about 17 kB in size. It is maternally
inherited, allowing the tracing of maternal lineages.
The molecule evolves rapidly and variation is sensitive
to small population sizes.
The mechanics of the technique involve isolating the
mitochondria by cell fractionation and subsequent
extraction of the nucleic acids. Then a restriction
enzyme that recognizes specific nucleotide sequences is
used; it cleaves the mtDNA where those sequences
appear, generating fragments that can be sized on an
agarose gel. The Fundulus mtDNA shows two major
patterns. For analysis a battery of restriction enzymes
is used to generate a "fingerprint" of the mtDNA. The
five restriction enzymes usually used to distinguish
between northern and southern types of Fundulus in the
Bay detect a minimum difference of six nucleotide
changes. Gonzalez and Powers have shown that there
are two main F. heteroclitus mtDNA patterns along the
Atlantic coast. The current zone of secondary intergradation is found near northern New Jersey, with some
mtDNA variation within the groups arid substantial
differences between the two groups.

The molecular approach to genetics has opened
doors to questions in population and evolutionary
biology that were previously unapproachable by
conventional methods. The analysis of proteins has
revealed extensive genetic variation in natural populations. The molecular approach is allowing us to address
questions concerning population structure, gene flow,
and evolution. Dr. Powers' laboratory at Johns
Hopkins makes use of the mummichog (Fundulus
heteroclitus) as a model marine organism to address
these issues. F. heteroclitus is found all along the
Atlantic coast from Nova Scotia to Georgia, and of
course in the Chesapeake Bay. In sampling along the
coast and determining the gene frequencies for lactate
dehydrogenase B (Ldh-B), it has been shown that one
allele is fixed in Florida and another in Maine. Similar
clines have been observed for many other loci.
Two models have been proposed to explain these
clines. One hypothesis is that the populations have
always been in contact with each other, and the clines
are the product of chance and adaptive forces, selection,
and nonrandom migration. Alternatively, the clines
could result from historical isolation of the two populations with subsequent removal of the isolating barrier
and resumption of contact. (This is known as secondary intergradation.) Recent work with mitochondrial
DNA by Gonzalez and Powers has allowed us to
eliminate the first possibility. This research has shown
that the Maine type fish and the Georgia type fish are
very different, having been separated sometime during
the last three to six million years.

REGIONAL HISTORY

Fifteen thousand years ago the Chesapeake Bay had not
yet been formed. The coastline was near the continental shelf, and the glaciers extended to northern New
Jersey. A relevant question is whether the zone of
secondary intergradation ever existed further southward. If so, it would be reasonable to expect some zone
of secondary integradation in the Delaware ancl!or
Chesapeake Bays. To answer this question we examined 540 fish from 20 locations, typing them for

PROPERTIES OF MITOCHOJ\'DRIAL Dl\'A

Mitochondrial DNA (mtDNA) is a small circular DNA
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had a strong influence on the biota present in the Bay
and their genetics. Two, this work with F. heteroclitus
and Chapman's data on striped bass have shown th.
mtDNA research can provide valuable insights into the
living resources in the Bay and elsewhere.

mtDNA and nuclear-encoded enzymes. Isolated
refugia of F. heteroclitus with northern type mtDNA
were found in five areas of the Bay. Eleven of the
populations had only southern or northern mtDNA
types, and the remaining nine populations contained
both mtDNA types. Populations within a river are very
different. In fact, populations in the upper James and
upper Potomac resemble each other more closely than
they do the populations in the lower portions of their
respective rivers. The presence of the northern type
mtDNA fish in these rivers and in the upper Bay imply
that these fish once occupied the entire Bay and were
probably present at the mouth of the Bay when it was
initially forming.
Similar clines are also observed in the gene frequencies of northern and southern alleles of allozyme loci.
For example, Ldh-B allele frequencies have similar
clines but none of the populations are fixed for either
allele.
The population in the upper Potomac, near Mount
Vernon, is fixed for the northern mtDNA type but
contains the southern Ldh-B alleles. This pattern could
indicate that "southern" males are dispersing and
breeding with more sedentary females. Conversely,
populations near the mouth of the Bay are fixed for
southern mtDNA and contain the northern Ldh-B
alleles, presumably contributed by northern males
dispersing and breeding. These patterns suggest that
the males are heavily involved in gene flow in F.
heteroclitus. Alternatively, selection or genetic drift
could explain these patterns.

QUESTIONS

Q: Could mtDNA techniques be used to determine
how much interchange there is between, for instance,
the populations in the lower James and the population
in the lower Potomac?
A: Yes, with direct sequencing or enzymes that
recognize more sites.
Q: Have you considered that the difference in mtDNA
frequencies could be related to salinity differences?
A: It could be that the northern-type mtDNA populations are adapted to lower salinity, as their refugia are
generally of lower salinity; but the northern type also
lives in high-salinity water in Maine.
Q: Fundulus is usually thought of as a territorial
species. Do you agree that these data suggest that the
females are more territorial?
A: I think the data suggest that males could be dispersing more, but to say that females are more territorial is a
further extrapolation from the data.
Q: Could a freshwater species of Fundulus be responsible for the northern type of mtDNA?
A: The mtDNA of Fundulus diaphanus, a sympatric
species in upper tidal areas, has a very different pattern
from that of F. heteroclitus. Granted, there are many
species of Fundulus, and the mtDNA could have come
from one of them, but I think that's unlikely since we
find the same northern mtDNA pattern in Maine.
Q: For your scenario you must postulate that there is
no larval transport downriver.
A: These fish are generally in very still water, in
marshy areas, and for them to be transported downriver
they would have to venture into water that for them
would be very rough.
Q (followup): Has any data been collected on the
salinity tolerances of eggs and larval stages?
A: There was some work done on salinity tolerances.
Unfortunately the authors were not aware that they
were dealing with two different races, so comparisons
are difficult.
A: One of the things we don't know is how far south
one can find the northern type of F. heteroclitus in a
river. It is possible, for example, that the Cape Hatteras
area, where there are a lot of currents, could be where
the original isolating barrier was located.

CO:\"CLUSIO:\"S

Both northern and southern races of Fundulus inhabit
the Chesapeake and Delaware Bays. The northern race
was found in refugia in the upper bays and in the upper
James, Potomac, Big Choptank and Patuxent rivers; the
southern race was found elsewhere in the bays. If more
rivers had been sampled, it is likely that more refugia
would have been found, as every river sampled in the
upper tidal region had a refugia. These isolated refugia
result in multiple zones of secondary intergradation.
We conclude that the northern race fish on the Atlantic
coast once lived as far south as the present mouth of the
Chesapeake Bay.
These studies emphasize two points. One, the history of these populations is connected to previous glaciations. The northern race either was present or came
into the Bay as the glacier retreated, and the southern
race then followed. Thus the history of glaciation has
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Genetic Analysis of Oysters that Grow at Different Rates
Ken Paynter
Chesapeake Bay Institute
4800 Atwell Road
Shady Side, Maryland 20764

Two years ago I met a man who claimed he could
grow oysters in less than a year. He grows them
cultchless in a floating raft culture. They look different
from native oysters, with a pointed umbo and a very
deep valve on one side and a very flat valve on the
other. These inbred oysters also have a much higher
percentage meat than native oysters, because native
animals have a much thicker shell. As you would
expect, the inbred animals show little variation in allele
frequencies. Differences in allele frequencies are
evident in native vs. inbred oysters.
Because the animals are so different, we wanted to
study them. The inbred oysters are grown in a cultchless manner that the grower maintains as a secret. We
were able to use epinephrine to induce the cultchless
metamorphosis of eyed larvae. We tested grow-out of
these oysters in floating rafts. Tens of thousands of
oysters can be grown in this way in a small space. We
generated larvae from native animals and from some
broodstock of the inbred strain and raised them in
floating rafts in a tidal creek and compared the growth
rates.
At 3 .5 months the animals were all just short of 2
inches long. The inbred animals grew faster than the
native ones. The growth rate for the inbred strain wa'
at least 50% higher during the juvenile period and abG .. ,
20% higher at the end of a four-month period. Both
sets of oysters grew very well in the cultchless floating
raft system; most of the animals would have reached
market size in less than a year. It appears this approach
would be well-suited to aquaculture.
Why are these animals different in their growth
rates? We approached the question genetically and
compared large and small representatives (1-2 SD
below and above mean size) of both strains.
Several alleles present in the native population were
absent in the inbred population, presumably due to loss
during inbreeding. Within groups, one large difference

is found at Lap-2C. None of the very large animals
contained a C allele. Otherwise the size groups within
the strains were not very different.
Analysis of variance with respect to weight and
length vs. strain and genotype showed that two genes
appear to affect growth in the inbred strain, and in the
native animals, four or five loci have an effect. So far
only Lap-2 can be associated with a specific effect:
animals with the C allele do not do as well as animals
without it. We cannot say that growth rate is inhibited
by the enzyme.
Genetic analysis of oysters with respect to growth
rate and other measures of fitness may be a productive
strategy in learning more about the basic biology of
oysters; this kind of analysis may suggest useful
management strategies for shellfish and perhaps other
species in the Bay as well.
QUESTIONS

Q: Work has been done at VIMS on developing
cultchless oysters by removing them from cultch once
they have set.
A: Yes, this work is different in that the epinephrine
induces what is thought to be a hormonal response, a
willingness to metamorphose without .substrate.
Q: Your work is very similar to work on Long Island
with Mytilis edulis, which has shown that Mytilis edulis
with a certain genotype is less efficient at using or
conserving protein.
A: By chance or not, the same locus is involved there
as here.
Q: Osmoregulation may also be associated with this
allele; what effects have been seen with alteration of the
salinity?
A: We have not yet tried altering the environment, but
one of the beauties of this sytem is that the environment
can be manipulated to a great degree.
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Introduction to Plenary Session
sediment-water interface can influence the bioavailability of toxics and other xenobiotic compounds.
The impetus, however, for the Perspectives article
and the presentation today, came from those charged
with modeling water quality in the Bay. They discovered that without feedback loops between the waters
and the sediments, the Bay just didn't work right. Our
purpose today is to continue trying to understand how
these processes fit together and how the waters and
sediment are coupled.
The talks that follow will be organized around a
general conceptual model (Figure 1); they will focus on
the rnid-mesohaline portion of the Bay; and they will
aim toward assembling quantitative budgets. The
model is divided into three parts: the formation of organic matter, the processing of that matter in the water
column and its sinking; and its fate on the bottom.
-J.G.

The idea that waters and sediments of aquatic systems are linked by exchanges of energy and nutrients is
not new. References to the concept can be found in the
limnological literature in the late 1930s, and the foundations for the ideas were set down even earlier in the
century. What has developed in the last 10 years is an
appreciation of the importance of these exchanges in
shallow marine ecosystems. Nixon, for example, has
hypothesized that nitrogen availability and ultimately
the productivity of these systems is regulated by the
processing of planktonic organic matter in benthic
communities. Kemp and Boynton have emphasized the
importance of nutrient cycling at estuarine interfaces,
and one of the important interfaces is between the
sediments and the waters. Sanders in his presentation
yesterday said that in addition to the exchanges of
organic matter and nutrients, exchanges across the
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Figure 1. Conceptual model of nutrient element flows in plankton-based systems.
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Production of Particulate Organic Matter in the Mesohaline Reach of the Chesapeake Bay
Thomas Malone
Horn Point Environmental Laboratory
University of Maryland
P.O. Box 775

Cambridge, Maryland 21613

ing on the mesohaline reach. This is where most of the
nutrient input delivered by the Susquehanna River is
assimilated and where accumulations of phytoplankton
biomass are highest.
Harding et al. [1986) recently found that integral
phytoplankton production over the water column could
be described as a function of chlorophyll concentration
and the amount of light absorbed by phytoplankton in
the euphotic zone. Thus the variation in integral production down the axis of the Bay can be parameterized
in terms of biomass and light as a first approximation.
Lateral variability has been studied by a number of
people, with the earliest probably being Flemer in the
late 1960s. The findings then were similar to the 1984
findings: biomass (as indexed by chlorophyll a) was
higher on the western shore. More recent studies
[Malone et al. 1986) also show that the production per
unit of chlorophyll is generally higher on the eastern
shore. It is possible that on the western shore biomass
is accumulating while on the eastern shore it is turning
over rapidly, perhaps because of removal by benthic
and pelagic consumers.

One of the most important conclusions that emerged
from early work on this problem (a conclusion that is
now debatable) was that most of the input of organic
material into the Bay downstream of the turbidity
maximum is accounted for by phytoplankton. More
recently, work by Ducklow, Peele, Tuttle, and others
has shown that a large fraction of this production
appears to be cycled through bacterioplankton. Thus
we can view the production and fate of particulate
organic material in the water column as a function of
two interacting networks of flow: (1) a phytoplanktonbased network, which accounts for most biomass yield
and particulate organic matter flux to metazoan
consumers; and (2) a bacterioplankton-based network
(the "microbial loop"), which accounts for most internal
flows (to the water column) and most of the flux of
particulate organic matter to microbial consumers
(within the water column). In the context of benthicpelagic coupling, it is likely that the phytoplankton
network dominates the flux of organic matter to the
benthos while bacterioplankton are more directly
involved in the rapid turnover of carbon and associated
nutrients in the water column.
This presentation addresses the problem of the
response of phytoplankton to nutrient input. Hugh
Ducklow will speak later today in a concurrent session
on the bacterial component of the system. Four points
important to the topic are:
• Distributions of phytoplankton productivity and
biomass in both time and space;
• Environmental factors that are responsible for this
variation;
• The fate of phytoplankton production as deduced
from patterns in the distribution of phytoplankton;
•Nitrogen vs. phosphorus limitation of the system as
a whole.
The area we have concentrated on is the mesohaline
reach of the Bay between the Bay Bridge and the
Patuxent River. Many properties vary longitudinally
down the axis of the Bay from the freshwater areas
down to the sea, and there are good reasons for focus-

SEASONAL VARIABILITY

Annual cycles of phytoplankton biomass and
productivity
Annual cycles of phytoplankton biomass and productivity in the mesohaline reach of the Bay are seasonally
out of phase, with biomass peaking during spring and
productivity peaking during summer (Figure 1). Large
interannual variations in phytoplankton productivity
also occur (Figure 1). Although there is evidence that
phytoplankton productivity is phosphorus-limited
during spring and nitrogen-limited during summer
[D'Elia et al. 1986), annual phytoplankton production
appears to be more sensitive to N than to P loading
(Figure 2), and the Bay as a system removes the inorganic N input more efficiently than the P input [Fisher
et al. in press] (Tables 1 and 2). The major external
source of N to the mesohaline reach of the Bay is the
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Figure 1. Upper panel: annual cycles of
Susquehanna River discharge (0 ),
chlorophyll a content of the water column
( + ), and phytoplankton productivity (<))
of the euphotic zone (monthly averages
over the mesohaline reach of the Bay for
1986-1987 as a fraction of the maximum
monthly means). Lower panel: interannual time series of phytoplankton productivity in the mesohaline reach of the Bay.
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(1) water column phyto-N = 4.6 + 8 (Q-N) (r = 0.93)

Susquehanna River, which supplies >90% of the inorganic N input and 70-80% of the total N input [Schubel
and Pritchard 1986; Fisher et al. in press]. As is typical
of mid-latitude rivers, the annual cycle of freshwater
discharge exhibits a spring maximum and a summer
minimum. Consequently, 50-60% of the annual N input occurs during the spring freshet which precedes the
spring peak in biomass by about one month (Figure 1).
Comparison of variations in nitrate input from the
Susquehanna and total phytoplankton biomass in the
mesohaline reach of the Bay suggests that seasonal and
interannual variations in phytoplankton biomass are
related to the riverine input of N (Figure 2). Water
column and euphotic zone levels of biomass (as nitrogen, g N) are significantly correlated with the supply of
nitrate-N (Q-N) by the least square regressions:

(2) euphotic zone phyto-N = 3.5 + 4 (Q-N) (r = 0.88)
As indicated by the slopes of these regressions, a unit
increase in nitrate-N input results, on average, in a fourfold increase in phytoplankton biomass in the euphotic
zone and an eightfold increase in the water column as a
whole. While these calculations must be considered
rough approximations, they are indicative of the effects
of two-layered estuarine circulation and N recycling on
the accumulation of phytoplankton biomass within the
mesohaline reach of the Bay. The development of the
spring biomass maximum appears to be due to sedimentation and accumulation of biomass and to the advection of biomass with bottom water from downstream.
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The annual cycle of phytoplankton productivity is
characterized by a winter minimum and a summer
maximum (Figure 1). Consequently, nitrogen assimilation by phytoplankton is inversely related to N supply
(Figure 2). This suggests the importance of light and
temperature as parameters of phytoplankton productivity, as Harding et al. [1986) have shown. However, as
reported by Boynton et al. [1982], the magnitude of the
summer productivity maximum shows large interannual
variations, which are related to variation in phytoplankton growth rate. These variations were correlated (r =
0.96) with vertical salinity stratification. This correlation and the results of nutrient enrichment studies
indicating that phytoplankton growth is likely to be Nlimited during summer [D'Elia et al. 1986] support the
hypothesis that the magnitude of the summer productivity maximum is a function of physical processes that
regulate the recycling of ammonium from below the
pycnocline into the euphotic zone [Malone et al. 1986).
Thus the annual cycle of phytoplankton productivity
in the mesohaline reach of the Bay is governed by light,
temperatures, and nitrogen recycling. Seasonal and
interannual variations in phytoplankton biomass occur
in response to variations in freshwater flow and
associated variations in nutrient flux. The occurrence
of a summer productivity maximum and interannual
variations in the magnitude of this maximum reflect the
effects of vertical stratification on the return flux of
ammonium from the benthos to the euphotic zone.
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The observation that biomass accumulates during
spring while growth rates are relatively low and that
most of the accumulation occurs below the euphotic
zone implies that the removal rate of phytoplankton is
also low. Measurements of chlorophyll degradation
products of primary consumers are consistent with this
conclusion and suggest that the rapid decline of the
spring bloom during late May and early June is a
consequence of increased grazing pressure. Vertical
distributions of chlorophyll o., low grazing pressure, and
the dominance of diatoms also suggest that the vertical
flux of phytoplankton biomass to the benthos should
exhibit a seasonal maximum in the spring. The rapid
turnover of phytoplankton biomass during summer
probably reflects the combination of high phytoplankton growth rate and grazing pressure [White and Roman
1988], which suggests that vertical flux during this
period is dominated by fecal material of phytoplankton.
Several things can be learned from looking at the
variations in chlorophyll and the percentage of nitrogen
in the dissolved organic nitrogen (DON) pool vs. the
nitrate pool, down the axis of the Bay along the salinity
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Figure 2. Relationships between (upper panel) annual
phytoplankton production and nitrogen. loading and (lower
panels) monthly mean phytoplankton biomass (10" g N,
euphotic zone =
water column = O ), nitrogen assimilation (10' g N d ·1), and riverine nitrate input (from Malone et
al., in press).

e,

gradient [MCarthy et al. 1977, Fisher et al., in press]. It
appears that most of the nitrogen in the water column
ultimately ends up in the DON pool. Total nitrogen
decreases, but in the water column there is a shift from
mainly nitrate to mainly DON. This would imply that
nitrogen is being exported from the Bay in the form of
DON or is lost via denitrification and burial. The ratios
of total nitrogen to phosphorus decrease along the axis
of tl1e Bay, from very high ratios (>60) to ratios
approaching Redfield. This change implies a net loss of
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Table 1. Nutrients in Chesapeake Bay and its coastal plume: changes in distribution and stoichiometry ofN and P
from freshwater to the sea [Fisher et al., in press].
TN (µM)

TP (µM)

129
18

1.4
1.4

Fresh
Sea

TON(%)
67
3

TOP(%)

28
83

27
31

73
69

Inorganic Organic

235

35
17

6

source of organic material in the system, especially the
detritus feeders. The microbenthic bloom in the spring
does not occur at the same time as the phytoplankton
bloom, and there are other discrepancies. There could
be another whole system here that we know very little
about.
A: I agree that the conclusion of Flemer and Biggs
(that phytoplankton are the major source of organic
material downstream of the turbidity maximum) needs
to be reevaluated, especially in the light of your
comment. But in terms of the accumulation of phytoplankton biomass, there is so little light reaching the
bottom at the time of the phytoplankton bloom that you
would not expect microbenthic production to be a major
contributor during that time.

approaching Redfield. This change implies a net loss of
nitrogen relative to phosphorus, and phosphorus is
actually exported from the Bay. The concentration of
phosphate in the freshwater endmember and that in the
seawater endmember are similar as are the percentages
of inorganic and organic P. Phosphorus recycles
rapidly as it goes down the axis, but its distribution
between pools does not change significantly. This
suggests that the community metabolism of the Bay as
a whole is nitrogen-limited.

QUESTIONS
Q: We have little data on seaweed and microbenthic
algae, but some of these species might also be a major

Table 2. Nutrient levels (µM) and ratios in the coastal plume of Chesapeake Bay [Garside, personal comm.]
Month

DIN

P0 4

February
April
June
August

0.22
1.35
0.22
0.29

0.29
0.23
0.63
0.78

Si (0H) 4
0.14
0.73
2.98
1.82

NIP

N/Si

0.8
5.9
0.3
2.7

1.6
1.8
0.1
0.2
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My topic is the connection between particulate
organic matter in the overlying water and its deposition
to the sediments. In addition, I want to discuss carbon
balancing.
The technique we are using to measure deposition is
fixed moorings of sediment trap arrays collecting at
three depths with multiple cups. The upper cup is in the
upper mixed layer, or the euphotic zone, the middle cup
is designed to be at the pycnocline, and the lower cup
(which largely measures resuspension) is in the lower
layer.

phosphorus. This may suggest that particulate production, the phytoplankton themselves, may be phosphorus-limited at this season.
VERTICAL DISTRIBUTION

In both 1985 and 1986, samples from the surface waters
indicated phosphorus deficiency. The relative proportion of phosphorus also increases as particles fall from
the surface toward the bottom. It may be that these
particles strip the available phosphorus from the water
as they settle, probably through chemical sorption
processes. It is also worth noting (although time
precludes a discussion here today) that there are definite
differences between seston and the material in the
sediment traps.
Year to year variations are apparent in the
phosphorus:carbon and phosphorus:nitrogen ratios. A
comparison of 1984, a relatively wet year, with 1986, a
relatively dry year, shows definite separation of these
ratios, with river flow appearing as a dominant forcing
function. Associated with river flow are the changes in
stratification and in delivery of nutrients.
Euphotic zone chlorophyll and deposition of
chlorophyll are correlated, but differently in the spring
than in the summer. The relationship is still consistent
with the hypothesis to be presented by Malone and
Roman and White later in this meeting, as far as the
mechanism for delivery of phytoplankton to the bottom.
In the summer the chlorophyll stocks in the water tum
over much more rapidly than in the spring, perhaps
largely because of grazing. In general the relationship
between primary production and deposition is weak.
Long-term well-integrated data sets (covering years)
might reveal these relationships, but at the scale we are
studying (month to month) they are not readily found.
Such a relationship was found, however, in 1984, which
was an exceptional year. A plot of primary production
on the x-axis vs. sedimentation of carbon on the y-axis,
with data partitioned for the flanks and channel, shows

TEMPORAL DISTRIBUTION

For 1985 and 1986 we measured deposition rates,
chlorophyll standing stocks in the water column, and
the carbon production rates in the overlying waters. We
have over three years of data on deposition rates, and a
distinct annual pattern emerges: a spring pulse of
deposition of chlorophyll, a hiatus, then relatively high
deposition rates in the summer, and often high deposition in the fall (which we know little about). The
question that arises is what is the source of the chlorophyll that is deposited. We are measuring only
fluorometric chlorophyll and lack data on pigment
degradation. What we can address is the relationship of
the chlorophyll standing stocks, the production rates,
and the deposition patterns, particularly the pulses.
The carbon:chlorophyll ratios are relatively low in
the spring and high in the summer; they give us some
idea of the nature of the material that is being deposited. When the ratio is high, we suspect that the
material being deposited has already undergone some
degradation, since chlorophyll degrades more rapidly
than carbon. The nitrogen:phosphorus ratios relative to
carbon can give some idea about nutrient limitation,
although interpretation based on these ratios should be
cautious. Throughout the ~pring and sununer of 1984
and 1985, both the carbon:phosphorus and
nitrogen:phosphorus ratios suggested a deficiency of
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layers is ,btracted, the residual should be the material
that is deposited on the sediment surface. That residual
correlates very closely with actual trap collections.
Either there are lots of compensating errors, or these
data are beginning to be believable. We can begin to
try to develop carbon budgets for the water column, to
understand relationships between production and
deposition, and to examine the community metabolism
in the benthos.

a relationship in the flanks but not in the water directly
above the traps. If we interpret this mechanistically, we
must invoke deposition, resuspension, and ultimately
some lateral transport.
A plotting of production vs. water column respiration for the spring-summer period shows the positive
relationship that one would expect to see, but with a
great deal of scatter.
If net daytime primary production is calculated, and
then the respiration of the upper layers and the lower
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for very productive estuaries. Large fl11xes of phosphorus are also seen at two stations that become anoxic.
The spatial patterns on the Bay bottom are emerging,
but slowly. Variability is high so that patterns can be
difficult to detect, but we believe that we are now
beginning to see some real patterns,such as those
mentioned above.

The Chesapeake Bay is a very appropriate place to
study sediments. Tom Horton in his recent book Bay
Country put it as well as it can be put: "When you
think Chesapeake Bay, think skinny." We have lots of
watershed and lots of sediments, but almost no water,
even though the Chesapeake is one of the largest
estuaries, in terms of area, in the U.S. They Bay is
shallow, and hence we could expect a substantial
relationship between the waters and the sediments.
Under these circumstances it makes sense to study the
benthos, which we can think of as the memory, or the
modulator of many processes in the Bay.
The uptake and release of nutrients from sediments
has been measured at a number of stations, most of
them in Maryland. An opportunity has arisen recently
to collaborate with Virginia workers in the collection of
these data for the lower portion of the Bay. Data from
these additional stations should give us a better perspective on these processes along a substantial estuarine
gradient.
Our instrumentation is simply a box core that is
lowered to the surface of Bay sediments. The microcosm that is obtained clearly shows the small but
important structures of the bottom. Water in the
microcosm is sampled every half hour for five to six
hours, and the change in concentration over time of
such variables as oxygen and nutrients is noted. Then it
is possible to calculate the flux from the water to the
sediments or vice versa.

TEMPORAL PATTERNS

A large peak in SOD is seen in the spring, probably
largely in response to the deposition of large amounts
of material from the water column to the sediments.
SOD is lower but still substantial through the summer
and fall. This pattern is found at many of the stations.
Another common pattern, found in the upper tributaries,
is peak ammonium fluxes not in the spring but in the
summer. So there is a kind of disjointedness about
SOD being high in the spring but ammonium release
from the sediments tending to be higher in the summer,
particularly at the deep hypoxic and anoxic stations.
REGCLATl:\'G FACTORS

A number of factors may be regulating sediment fluxes:
bottom water concentrations of oxygen or some other
nutrient; the rate at which organic matter is deposited to
the sediment surface; the characteristics of the sediment
itself; and temperature.
A plot of bottom water oxygen concentration vs.
SOD is so scattered that it is hard to draw any conclusions at all. One point is clear, however; when oxygen
concentration in the bottom water 1s b~low about 2 mg/
I, high SOD is never found. Perhaps at this range
oxygen concentration is limiting the demand. More
important, this kind of plot tells us that we must stop
thinking only of simple, single-factor analysis.
Another paradigm is that as deposition increases, so
does SOD. Our data indicate that this could be the
case. The hint of relationship between deposition and

SPATIAL PATTERl\S

In some of the tributaries, the sediment oxygen demand
(SOD) is quite high - in the range of 1.5-1. 7 g 0 2 m 2
d- 1 • In the mainstem the rates are lower, for reasons we
are not sure of. Extremely high ammonium fluxes are
seen in two places: the lower Potomac River and midBay regions. Both of these locations experience
frequent summer anoxia. The rates of ammonium flux
and SOD at these locations are comparable with rates
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also exponentially related to temperature, and the
curves in the Chesapeake and Narragansett bear the
same relationship with each other.

SOD response is heartening. Malone has talked about
forcing from the land in plankton response, and Kemp
has seen a response in deposition from plankton
characteristics. We are seeing parts of this model
coming together: some response of SOD to the magnitude of deposition.
There is a range of about a factor of three in the
amount of particulate nitrogen in the surficial sediments
(approximately the top 1 cm). Does that particulate
nitrogen in the very top sediments - recently deposited
material - send us any message regarding what enters
or leaves the sediments? The answer seems to be yes.
The flux of nitrogen from the sediments to the water
increases as the amount of particulate nitrogen in the
sediments increases. This may imply that the sediment
memory is short, on the order of months to a year,
rather than years to decades.
We have also found that temperature and ammonium
flux are closely related, in an exponential function.
Comparison of these data in the Chesapeake with other
data from Narragansett Bay reveals the same shape, but
a different curve. The differences may stem from
differences in depositional rates. Phosphorus flux is

FUTURE STUDIES

We know a little about total sediment metabolism; we
measure oxygen consumption; but there is a lot of
carbon and nitrogen and phosphorus processing in areas
of the Bay where there is no oxygen. We need to know
more about the metabolism in anoxic areas as well.
Another area for future study is nitrification and
denitrification. Denitrification is important because it is
a terminal sink for nitrogen. Since nutrient control is a
management issue, understanding the magnitude and
factors regulating these processes is of prime importance.
Finally, appropriate time scales for measurements
are all-important. Not only is it important to think
about what we are measuring, but it is also essential to
think about how often variables are measured. Appropriate time scale can mean the difference between
meaningless data and data that answer some questions.
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The Trophic Structure of Pelagic Communities: Hypotheses and Problems
Peter G. Verity
Skidaway Institute of Oceanography
P. 0. Box 13687
Savannah, Georgia 31416
I'.\'TRODUCTION

both up and down pelagic food webs. Here I should
emphasize that the proposed relationships and mechanisms are those thought to be operating in other
estuaries, and therefore are best viewed as food for
thought in the context of Chesapeake Bay. After
illustrating these, I will underscore some of the difficulties in ascribing cause and effect in trophic responses,
which include interannual variability, long-term
climatic changes, and natural fluctuations.

A number of factors influence the trophic structure
of pelagic communities, and their interrelationships can
be very complex. The forcing functions range from
natural environmental phenomena to anthropogenic
inputs to inter- and intraspecies interactions. The
pertinent time scales can vary from hours to decades.
The effects may be direct or indirect, they may operate
on an organism's physiology, tolerances, and resource
supply, or they may influence its predators. There are
also random fluctuations to consider, as well as
interannual variability and long-term periodicities.
Traditionally, natural populations were thought to be
limited primarily by the supply of food, habitat, or other
resources. Beginning in the 1960's, theoretical ecologists proposed that predation was as important as
resource limitation in structuring plant and animal communities. The field of aquatic ecology was not immune
to these developments. For example, enhanced primary
production was long considered to be due almost exclusively to eutrophication. However, limnologists quickly tested the predation theory, and their results demonstrated that the presence or absence of primary and
secondary carnivory was a dominant force in determining the magnitude of primary production. According to
this theory, changes at the top of the food web cascade
down to alter the structure at lower trophic levels.
Both of these scenarios (top-down and bottom-up
regulation) emphasize changes in abundance. Perhaps
more important to the structure of food webs are
changes in community composition. This point is often
overlooked in the current emphasis on rate measurements and flux calculations, but a growing body of
evidence, both anecdotal and quantitative, suggests its
importance. To illustrate this, I have selected three
trophic groups that appear to be important in the
Chesapeake Bay (dinoflagellates, copepods, and
gelatinous predators). I have listed some of the potential
effects of their dominance, effects that may cascade

DINOFLAGELLATES

The dinoflagellate class of phytoplankton is abundant in
the Bay, particularly in the summer. They have certain
physiological characteristics with significant ramifications for both pelagic and benthic food webs:
• Attenuated irradiance and subsurface nutricline
favor motile taxa [Eppley and Harrison 1975].
•Layered, reverse-flow structure favors retention of
migrating cells [Tyler and Seliger 1978, 1981] and
accumulation of benthic cysts which can seed
subsequent blooms [Tyler et al. 1982].
• Some dinoflagellates excrete substances that inhibit
growth rates of diatoms and their synthesis of antibacterial compounds [Aubert and Pesando 1971;
Uchida 1977].
• Several species are poor food for copepods,
altering their behavioral feeding patterns and
inducing reverse peristalsis and regurgitation
[Huntley et al. 1986; Gill and Harris 1987].
•The summer-dominant copepod (Acartia tonsa)
does not feed actively on co-occurring Chesapeake
Bay dinoflagellates, and avoids vertically migrating populations [Sellner and Olson 1985).
• Blooms of inedible dinoflagellates have been implicated in regulating copepod dynamics elsewhere
[Lindahl and Hernroth 1983].
• Dinoflagellates are poor food for oyster larvae
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[Davis and Chanley 1956], perhaps due to interference by ejection of trichocysts [Ukeles and
Sweeney 1969].
• At least one species of dinoflagellate passes undigested through guts of adult oysters [Galtsoff
1964).
• Bloom concentrations of non-toxic species have
been implicated in mortality of larval fish [Potts
and Edwards 1987), perhaps due to exudates that
clog their gills [Jenkinson 1986].
• Ciliate grazing can regulate the timing and magnitude of dinoflagellate blooms [Watras et al. 1985].
• Dinoflagellates are good food for larval and
juvenile menhaden [June and Carlson 1971;
Friedland et al. 1984; Stoecker and Govoni 1984).
From such data, one might conclude that copepods
and oysters would have difficulty in a dinoflagellatedominated system. In contrast, the simultaneous
occurrence of large populations of dinoflagellates,
ciliates, and menhaden in Chesapeake Bay may not be
entirely coincidental.

further south, the euryhaline Acartia tonsa would
dominate. This apparent absence of significant pelagic
grazing by crustaceans is a point I will return to later.
GELATINOUS PREDATORS

Evidence that ctenophores and medusae can drastically
reduce crustacean zooplankton stocks is extensive
[Huntley and Hobson 1978; Moller 1979; Deason and
Smayda 1982]. They appear to be abundant in Chesapeake Bay, especially in summer, where their impact
may be considerable.
• Associated cascading effects on other trophic
levels may include diminished survival of fish
larvae and reduced recruitment [Greve and Reiners
1980; Moller 1980; Parsons and Kessler 1987], and
elevated phytoplankton production [Deason and
Smayda 1982).
• Interannual variability in gelatinous predators in
Narragansett Bay was strongly correlated with
crustacean zooplankton biomass immediately prior
to their development [Deason and Smayda 1982).
• Survival and growth of juvenile ctenophores and
medusae is enhanced by an abundant protozoan
community [Stoecker et al. 1987].
• Most oyster larvae in Chesapeake Bay could
potentially be removed by ctenophore predation.
In Barnegat Bay [Nelson 1925) ctenophores contained an average of 14 larvae= daily ingestion of
168-336 larvae/ctenophore, using appropriate gut
residence times [Reeve 1980; Sullivan and Reeve
1982). Oyster larvae concentrations in Choptank
River were 12 x 103/m3 [Seliger et al. 1982).
Ctenophore concentrations are 10-100/m3 [Miller
1974; Kremer and Nixon 1976]. Combining these
data suggests a potential daily ingestion of 14-28%
to 140-280%.
Two important conclusions can be derived from
these considerations. First, the magnitude of gelatinous
predator stocks is a function of the food available at the
time of their appearance. This correlation has potential
implications for the relationship between phytoplankton
species composition and zooplankton success. Second,
young ctenophores and medusae show better survival
and growth on diets of microzooplankton than on diets
of crustacean zooplankton. Since dinoflagellates are a
good food for microzooplankton, a direct trophic link
may exist between dinoflagellate blooms and large
stocks of gelatinous predators.

SPRING BLOOM HERBIVORY

The spring diatom bloom in the Bay seems to occur at a
time and place in which an abundant crustacean
zooplankton community is seldom present. Observations relevant to this trophic mismatch include:
• Phytoplankton biomass peaks in the mesohaline
mainstem in late spring [Malone 1987).
• Total copepod abundance is low and declining
[Allan et al. 1976; Burton et al. 1986; Brownlee
and Jacobs 1987).
• The winter-dominant copepod Euryternora affinis
is apparently caught in a temperature-salinity
squeeze [Roddie et al. 1984].
• Salinities are generally too low for Acartia hudsonica [Jeffries 1962] and, where salinities are acceptable, temperatures are too warm [Sullivan and
McManus 1986).
• Spring temperatures are too low for the copepod
Acartia tonsa.
• Rotifers and protozoans are seasonally abundant
but spatially heterogeneous [Allan et al. 1976;
Brownlee and Jacobs 1987); their distribution with
respect to the spring bloom has not been described.
The interesting point is that in estuaries to the south
of Chesapeake Bay, temperatures are warm enough for
Acartia tonsa to dominate year-round. Thus, one might
speculate that the minimal grazing of the spring bloom
by copepods may be partially determined by the
geographic location of the Bay. If it were located
further north, either Eurytemora or Acartia hudsonica
would do fine, depending on salinity; and if it were

VARIABILITY

I emphasize that these proposed trophic relationships
are hypothetical, at least in the context of the Chesa-
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Figure 1. Hypothetical trophic relationships among major plankton components in the Chesapeake Bay during spring and
summer in years with high freshwater runoff.

degradation of the settled bloom is thought to be a primary driver of summer anoxia. A by-product of that
metabolic activity is regenerated nutrients, such that the
summer bloom may be determined by the magnitude of
the spring bloom, which is ultimately a function of
streamflow.
What is especially provocative about the Bay (if it is
true) is the lack of a direct trophic connection between
spring pelagic production and summer dynamics. As
discussed earlier, this may partially reflect the geography of the Bay. Elsewhere, there appears to be a more
direct trophic connection, although the phenomenon is

peake Bay. The difficulty in ascribing cause and effect
reflects the difficulty in identifying the number of
dependent and independent variables operating in
natural systems at any given moment, and in regulating
them during experimental studies. As an example,
consider the effects of interannual variability on these
processes (Figure 1).
Nutrient input to the Bay is thought to be a function
of streamflow: years with high flow introduce more
nutrients than low-flow years. The magnitude of the
spring bloom is related to this input. Bacterial production is coupled to phytoplankton production, and their
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plankton, crustacean and gelatinous zooplankton, and
demersal and pelagic fish showed dramatic changes in
community structure associated with climatic variability (Figure 2). As changes in current patterns caused
warmer water to invade the English Channel for 30-40
years, the cold-water flora and fauna of the 1920's were
replaced by warm-water species in the 1950's. Nutrient
concentrations declined, large calanoid copepods
became rare, the chaetognath Sagitta elegans was
replaced by S. setosa, and herring disappeared and were
replaced by pilchards. In the 1970's, cold water
returned and the plankton reverted to that characteristic
of the 1920's. What is provocative is that the herring
did not return, but instead the pilchards were replaced

poorly documented. Alternatives may exist in the
Chesapeake either via grazing of bacteria by protozoans
or their direct ingestion of phytoplankton. In either
case, an active microbial/protozoan food web may support both crustacean omnivores and larval and juvenile
gelatinous predators. In any event, the factors regulating the magnitude of the early summer zooplankton
biomass may be critical, as elsewhere the magnitude of
this biomass determines the success of gelatinous organisms. In those systems, years with large stocks of
gelatinous predators are years with extensive summer
phytoplankton blooms. If this relationship is applicable
to the Chesapeake Bay, there are several possible
effects of such interannual variability on food web
structure.
If interannual variability were not enough of an obstacle to interpreting changes in trophic structure, there
are also long-term climatic effects and periodicities to
resolve. Documented environmental phenomena
include:
•Declines in incident irradiance over the northeast
Atlantic, 1948 to 1965 [Cushing and Dickson
1976)
•The dark decade in New England during the 1970's
[Smayda 1984)
•Eleven-year and 180-year sunspot cycles [Southward et al. 1975)
•Temperature cycles [Taylor et al. 1957; Jeffries
and Terceiro 1985; Brady 1976; Cushing and
Dickson 1976; Sutcliffe et al. 1977]
•Long-term changes in wind strength [Taylor and
Stephens 1980) and circulation patterns of the Gulf
Stream, the northeast Atlantic, and the Mediterranean [Taylor and Stephens 1980; Vucetic 1983]
• Periodicity in precipitation and runoff [Biggs and
Smullen 1987)
Proposed effects of these phenomena on pelagic
food webs include changes in:
• Timing, magnitude, duration, and community
composition of phytoplankton blooms and of
zooplankton responses [Cushing and Dickson
1976; Southward 1983; Smayda 1984)
• Overwintering survival of ctenophores [Frank
1986)
• Fecundity of planktivorous fish [Tanasichuk and
Ware 1987)
•Recruitment and year-class strength of planktivorous and piscivorous fish [Cushing and Dickson
1976)
•Yield of commercial fisheries [Sutcliffe et al 1977)
• Shifts in dominance from fish to gelatinous
predators [Lindahl and Hemroth 1983]
Finally, natural fluctuations can also alter the
structure of pelagic food webs. Perhaps the best
example is from the English Channel, where phyto-
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constraints may be operating at that time, and new
species interactions may be more persistent than
previous ones. Thus, the structure of pelagic food webs
is perhaps best viewed as the product of processes with
strong historical components, such as eutrophication,
and those processes requiring more continual expression, such as predation. Our challenge for the future is
to quantify and predict their relative roles in regulating
the trophic structure of pelagic communities.

by mackerel. This change is thought to be due to
coincidence between the timing of the return of favorable conditions and natural fluctuations in herring and
mackerel recruitment Such a hysteresis underscores an
assumption that is often inherent in ecosystem analysis
and in management strategies, that if the addition of a
species or a change in environmental forcing has a
certain effect, then its removal will reverse that effect.
These kinds of data emphasize, however, that different
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gelatinous predators, as well as the microbial loop or
web. In the benthic area are the diatoms, filter feeders,
and deposit feeders, and the blue crab. The third large
domain is the nekton, consisting primarily of the filter
feeders, benthic carnivores, and pelagic piscivores.
This kind of network can be shown for each of the
seasons, and it is interesting to see that the topology of
the system does not change greatly from season to
season. Some species migrate out and back in, and the
tempo undergoes wide swings, but the only qualitative
major change that affects the whole food web is the
summertime cropping of the mesozooplankton by the
huge stocks of ctenophores.
One of the things that can be done with a network
like this, with over 160 exchanges among 36 compartments, is to analyze the exchanges in a matrix. It is
possible through mathematical manipulation to estimate
the amount transferred between two species and to
examine all the indirect effects between them. The matrix of total dependency coefficients that can be calculated yields information about indirect diets, that is, the
percentage of a species' total consumption that at some
previous time was part of another species (Table 1). In
the case of bluefish (species 30), for instance, 7.2% of
its intake spent time at some point in compartment 5,
bacteria. There are some interesting effects here. For
example, 65.8% of striped bass intake was at one time
mesozooplankton; the percentage for bluefish was
considerably less at 28.7%. Polychaetes show another
striking difference: 48.0% of the bluefish diet was at
one time polychaetes, whereas the figure for striped
bass is only 1.8%. Bacteria eventually make a 7.6%
contribution to striped bass and a 7.2% contribution to
bluefish.

My subject today will be some details of the carbon
flow network of the Chesapeake mesohaline ecosystem.
Some of you may have seen some of these results, but
they bear repeating, partly because they may seem less
ridiculous on second hearing, and partly because they
fit well into the context set by the two talks preceding
mine.
The topic is represented, oddly enough, by a tiny
item appearing in the Baltimore Sun on Monday,
without attribution of any kind, saying: "The most
productive fisheries are found in colder areas of the
world's oceans, and researchers now believe the reason
is that here fish do not have to compete with bacteria
for food." Many readers of the Sun no doubt scratched
their heads in puzzlement; most of us, however, with
backgrounds in ecology, understand that the question is
one of indirect trophic effects.
The hypothesis that these two elements of the
ecosystem do compete in some way would have been
approached 10-15 years ago by the creation of a large
mathematical model of the Chesapeake Bay system.
This approach has fallen out of favor, because these
models' predictive ability is problematical and many
biologists feel that mathematics do a poor job of
representing living, growing, evolving systems. So
what approach will work? We must again become
ecologists in the true sense of the word, studying the
interactions between organisms and their environment.
One of the most palpable ways of doing this is to
measure the transfers of material and energy through
the ecosystem.
This kind of study is just what we proposed to the
Maryland Department of Natural Resources several
years ago. Dr. Dan Baird collected data from the
literature and developed an estimated food web, and I
did some of the analysis I'll present now. The area
covered was the mesohaline area, about 6-18 ppt. We
represented the Bay in 36 compartments (Figure 1).
Subdividing it, you will find a planktonic realm,
consisting of primary producers, mesozooplankton, and

Figure 1 (overleaf). Estimated food web of the Chesapeake
Bay during summer, represented in 36 compartments in the
planktonic, benthic, and nektonic realms. Flows are depicted
as mg C m· 2 per 90 days.
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Table 1. Total dependency coefficients of 36 compartments of species in the Chesapeake Bay (for identification of compartments, see Table 2).
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Figure 2. Lindemann-type diagram of the trophic chain. Flows are depicted as mg C m· 2 per 90 days.

trophic level V, although some pathways reach length
VIII. The ratio of detritivory to herb ivory in the Bay is
10.5:1, which is really more like a terrestrial system
than the open ocean. If we merge the detritus with the
plants, we see the classical trophic pyramid that
uniformly decreases going up the Lindemann spine.
One exception is at trophic level IV, where the ciliates
are very efficient at passing on what they have taken in.
We can take the whole system and subtract from it
the cycling pathways. Several conclusions can be
drawn from the resulting picture. First, it is a bipartite
structure, with two non-overlapping domains of carbon
recycling in the system, one planktonic and one
benthic-nektonic. Among the planktonic, most of the
members of the microbial food web are missing. At
least for carbon the microbiota do not form a loop, but

The same matrix algebra can be used to assess the
trophic distance of each species from the sources of
primary production, and the "average trophic position"
at which each species feeds can be calculated (Table 2).
An interesting feature of this ranking is that the sea
nettle (position 26) has an average trophic level of 3.44,
higher than many of the commercially important
species in the Bay. The highest trophic position is held
by bluefish, but the trophic level is only 4.59, lower
than the 5.0 that was deemed significant by Hutchinson
[1948] and Pimm [1982].
If we know how much of the diet is coming over
pathways of various lengths, we can construct a
Lindemann-type diagram of the trophic chain (Figure
2). Each of the boxes now represents parts of populations. One thing to notice is that not much gets past

Table 2. Trophic rankings and average annual trophic levels of the major components of the Chesapeake Bay
mesohaline ecosystem.
Rank
1
2

3
4
5
6
7
8
9
10
11

12
13
14
15
16
17
18

Component
Phytoplankton
Dissolved organic carbon
Suspended POC
Sediment POC
Benthic diatoms
Suspended POC bacteria
Sediment POC bacteria
Free bacteria
Oysters
Mya arenaria
Misc. suspension feeders
Zooplankton
Meiofauna
Ciliates
Menhaden
Bay anchovy
Heterotrophic microflagellates
Misc. polychaetes

Trophic
level
1.00
1.00
1.00
1.00
1.00
2.00
2.00
2.00
2.08
2.09
2.09
2.16
2.67
2.75
2.77
2.84
3.00
3.00
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Rank

Component

19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36

Nereis
Macoma spp.
Crustacean deposit feeders
Ctenophores
Fish larvae
Alewife & blue herring
Shad
Sea nettle
Blue crab
Weakfish
Striped bass
Hog choker
White perch
Flounder
Spot
Croaker
Catfish
Bluefish

Trophic
level
3.00
3.00
3.00
3.03
3.16
3.16
3.16
3.44
3.51
3.84
3.87
3.91
3.98
3.99
4.00
4.00
4.00
4.59

Trophic Structure

In our analysis we were surprised by how much
more influential the deposit feeders were than the filter
feeders. The question we must now pose is, was this
always so? Or was there a change sometime in the last
few decades? If so, what was responsible? The
ctenophores' grazing control? The quality of the phyto·
plankton?

rather serve more as a sink. The filter feeders are not
engaged in this recycle; they serve as a shunt taking
carbon and energy from the planktonic water column
into the benthos and the nekton. Critical arc analysis of
the planktonic systems shows that in the summer the
sea nettles are probably controlling this system.
The overall picture shows high summer productivity, which along with predator control on the zooplankton fuels "excess" productivity. There are two apparent
routes for this excess productivity. One is dissipation in
the microbial loop, which now looks like a shunt out of
the system; the other is a heavy subsidy to the deposit
feeders on the bottom.

REFERENCES
Pimm, S. L. Food webs. Chapman and Hall, London, 1982.
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Hutchinson, G. E. The circular causal systems of ecology.
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conditions than other planktonic forms. Thus high
turbidities of the upper Chesapeake and the light
limitation documented there by Flemer (1970] and
Harding et al. (1986] may be selecting for picoplanktonic forms. Similarly, as Sanders and others mentioned yesterday in summarizing the input of toxics,
much work suggests that the input of metals, hydrocarbons, and other materials at sublethal concentrations
results in a shift of phytoplankton species composition
and sizes. The shift in size is important; sublethal
concentrations of metals and toxics may cause the
predominance of small cells [Greve and Parsons 1977].
Thus three factors that we know encourage the development of a microbial food web exist in the Chesapeake
Bay: high nutrient loadings, high turbidity, and
numerous toxic point sources.
What evidence supports the actual existence of a
microbial food web in the Bay? Surveying the literature for such evidence confirms the recent advent of
interest in the topic, as all of the work has been done in
the last few years (Table 1). Ducklow and Tuttle have
estimated bacterial densities in the Bay as 109-10 10

In recent years many conceptual models of the
microbial food web have been developed in terms of
carbon transformations, passage to higher trophic
levels, and remineralization [Pomeroy 1974; Parsons
1979; Williams 1981). One such model is shown here
(Figure 1) [Azam et al. 1983), and in it you should
focus on the second suite of arrows representing the
cyanobacteria. The idea is that the microbial food web
could be a source of food and energy for higher trophic
levels, or it could be a sink.
It should be remembered that although the microbial
food web is drawing a lot of attention currently, it has
only been in the last 10 to 15 years, with the development of higher-resolution techniques, that we have been
able to establish the importance of the very small
heterotrophs and autotrophs within all aquatic systems.
The microbial food web is very well established in
the Chesapeake Bay, and one question of great interest
is whether it can be related to water quality. The
forcing functions have been reviewed for almost every
level in the trophic system by Verity (1987). Without
repeating all of what he said, we should briefly summarize a few points. First, when Smayda [1983) reviewed
phytoplankton in estuaries, he documented that high
nutrient loading rates in a stratified estuarine system
resulted in the predominance of picoplanktonic and
flagellated forms (autotrophs) in contrast to the normal
dominance of large flagellates and diatoms. Second,
Oviatt et al. (1986) working in mesocosms in Rhode
Island showed that high nutrient loading rates induced
the most dramatic responses in the bacterial community. The highest nutrient loading rates resulted in a
very large increase in bacterial numbers and activity,
and water column respiration rather than benthic
respiration dominated oxygen demand. Sediment input
from agricultural and development practices in the
Chesapeake Bay could result in similar plankton
responses [Fogg 1986; Glover et al. 1986; Parsons et
al.; 1986]. For example, several investigators have
suggested that picoplanktonic forms such as the
cyanobacteria may be better adapted to low-light
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Figure 1. Semi-quantitative model of planktonic food chains.
Solid arrows represent flow of energy and materials; open
arrows, flow of materials alone [Azam et al. 1983].
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Table 1. Evidence for a well developed microbial loop in Chesapeake Bay.
Trophic
level

Density
(noJI)

Reference

Area

Bacteria

lQf.10

Mesohaline region
York River

Ducklow 1982
Malone et al. 1986
Tuttle et al. 1987 a,b

Heterotrophic
nanotlagellates

1.S-6.S x 10 6
0.8-6.1 x 10.

Mesohaline region
York River

Dolan and Coats 1987
Ray 1986

Picoplankton

<1·270x 10 6

Turbidity max. &
mesohaline reg.
Lower Bay
Hampton Roads
York River

Sellner & Brownlee 1985-1988

<1·14.6x10 6
1-16.7 x 10•
186x 10 6

Marshall & Lacouture 1986
Marshall & Lacouture 1986
Ray 1986

Microzooplankton
(whole-water)

15.2·24.3 x 10.

Chester & Choptank
Rivers

Brownlee & Jacobs 1987

Microzooplankton

1-15x10 3
<1-4 x 10 i

Tidal-fresh Bay
Mesohaline region

Sellner & Brownlee 1985-1988
Sellner & Brownlee 1985-1988

(>44 µm)

organisms/liter [Ducklow, 1982; Malone et al., 1986;
Tuttle et at, 1987a,b] probably the highest bacterial
densities recorded in estuarine environments, and as
high in fact as the early stages of a batch culture. For
heterotrophic nanoflagellates, a limited but growing
data set studied by Ray (1986) and Dolan and Coats
(1987] suggested densities from 0.8 to 6.S x 106
organisms/liter. Picoplankton densities, which probaPICOPLANKTON IN CHESAPEAKE BAY
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bly include the ubiquitous coccoid cyanobacteria along
with eukaryotic picoplanktonic forms, have been
estimated to range from 1 to 270 x 10' cells/liter
[Sellner and Brownlee, 1985-1988; Marshall and
Lacouture, 1986; Figures 2 and 3). Similar concentrations were observed by Ray (1986) in the York River.
These are very high densities of very small cells. High
densities of microzooplankton have also been estimated
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Flaure 3. Picoplankton as a proportion of total cells in the
Chesapeake Bay, August 1984 - July 1985 [Sellner and
Brownlee 1985-1988).

Flaure 2. Picoplankton densities in the Chesapeake Bay,
August 1984 -July 1985 (Sellner and Brownlee 198S-1988J.
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Table 2. Metabolism of the microbial loop.
Trophic level
Bacteria

Microheterotrophs

Metabolism

Area

Reference

30->50%
(bact prod/prim prod)

Mesohaline region

Malone et al. 1986

OX cons.=0.0045(Bact)
+0.007; r=0.95

Mesohaline region

Tuttle et al. 1987 a, b

Mesohaline region

Kemp & Boynton 1980
Sellner 1987
Tuttle et al. 1987b

P/R < 1
Euphotic zone BOD via
oxidation of particulates

Microzooplankton
grazing

Mesohaline region

micro/macro > 1

Mesohaline region

Brownlee et al. 1986
Sellner et al. in prep.

small ciliates suggest that the grazing pressure during
May, June, and July is primarily due to small ciliates [J.
Dolan, unpublished data]. In other words, herbivory
takes place primarily through these small cells.
These data indicate the presence of a strongly
established microbial food web in Chesapeake Bay.
One of the questions we should address is: if we can
reduce loading, will we see reduced eutrophication,
improved water quality, a decrease in anoxia and an
increase in fish yields? A theoretical diagram from
Parsons (1979] (Figure 4) suggests that we can conceive of current conditions in the Chesapeake Bay as a
microautotroph community (the picoplankton and
flagellates) being grazed on primarily by a protozoan
food web, eventually reaching the coelenterates
(discussed by Verity (1987]) as gelatinous predators. If
we could reduce the loading rates, could we expect to
see selection of large diatoms, large flagellates, larger
copepod grazers, and ultimately pelagic fish? Can we
eventually, through regulation of inputs of stresses nutrients, suspended sediments, and toxics - shift the
community in this way?
·

[Sellner and Brownlee 1985-88]. Whole-water counts
show total densities of 15,000 to 24,000/liter.
[Brownlee and Jacobs, 1987]. The larger microzooplankton (rotifers, tintinnids, etc.) are found at
densities from <100 to 1500/liter (Figure 3).
Other indications that we may have a well-developed microbial food web come from metabolism
studies (Table 2). Ducklow, working with Malone and
Tuttle on tilting [Malone et al., 1986] estimated that
between 30% and >50% of the primary productivity
passes through the bacteria. Ducklow et al. have
summarized these data for the last four years and will
present more long-term data in a session this afternoon.
Tuttle and co-workers [1987b] have also estimated
summer oxygen consumption in the mesohaline Bay,
and found that consumption in the water column is
directly related to bacterial densities. This relationship
suggests that measuring bacterial abundance alone
could serve as an indicator of oxygen consumption
rates; however, this relationship needs to be confirmed
in other salinity regimes and in all seasons before this
measure can be applied everywhere.
An active microbial web in the Bay is also suggested
by several other data sets. For example, water column
respiration off Calvert Cliffs in mesohaline Chesapeake
Bay exceeded production In 18 of 23 summer months,
1975-1980 [Sellner 1987]. In addition, euphotic zone
oxygen demand in mesohaline summer conditions is
primarily due to the oxidation of particulate matter
[Tuttle et al., 1987b] reflecting total microbial community metabolism, rather than solely the bacteria.
A comparison of microzooplankton grazing with
macrozooplankton grazing indicates that the former is
generally much greater than the latter [Brownlee et al.,
1986]. Furthermore, recently collected data on the very

RECOMMENDATIONS

Based on presentations by Verity, me, and later,
Ducklow et al., future Bay conditions might be predicted with additional support in several areas. We
should continue to estimate the importance of the
microbial food web. We need more information on the
distribution and the activities of these very small
plankton.
We need to do more experiments along the line that
Sanders et al. [ 1987] have pursued, i.e., looking at the
effects of nutrient loading and light limitation on
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FI&ure 4. Theoretical diagram of evolutionary relationships between primary producers, secondary producers, and predators.

inducing changes in the microbial webs. Specifically,
we should find out whether nutrient increases and light
limitation cause an increase in the smaller components
in a stratified system. Once the stress is removed. does
the system return to diatoms and larger flagellates and
copepods? Or does it shift, as Verity suggested earlier,
to selection of another metazoan food web, slightly
different but still passing carbon to a higher but
different trophic level?
Much more work needs to be done toward establish·
ing the relationship between bacterial densities and
activities and the oxygen demand in the water column.

We have very little historical data on the importance of
the microbial food web. It may have been wellestablished all along, only becoming apparent with the
development of high-resolution techniques. A possible
approach to this problem would be to examine degradation products of the pigments associated with the
picoplanktonic fraction under anoxic conditions. Then
using cores and substrata analysis in the same manner
as Brush (University of Maryland), coupled with HPLC
analysis, we might be able to determine whether the
dominant members of the picoplankton have been
present over the last several centuries.
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"Where do we go from here?"
Joseph A. Mihursky, moderator
LIVING RESOURCES: Ed Houde

The perspective of this conference on living resources has been a broad one, including all of the living
organisms in the Bay, as well as factors that influence
their well-being, abundance, and changes in abundance.
The Chesapeake Bay is a life support system, and we
have looked at living resources from an ecosystem
perspective. We may not have given enough attention
to non-harvestable living resources in the past. We are
making a good start at understanding the Bay ecosystem, and are beginning strategic planning to continue
expanding our knowledge. This conference has been a
little disappointing in its lack of coverage of the top
levels, that is, the fishes; but why the people doing this
research did not join us here is hard to say.
In speaking about benthic-pelagic coupling, Walter
Boynton mentioned how thin a layer of water overlies
the sediments of the Chesapeake and suggested that this
interface of sediments with the water column is an
important area of biological activity. A lot of the
dynamics of the Bay is associated with this interface,
and progress has been made in understanding its
relation to nutrient dynamics and associated production
processes. We have tracked the seasonality of many of
the factors associated with this interface that influence
nutrient flux and primary production. This research is
not specifically organism-oriented; there is more
interest in the total system and its ability to produce.
Clearly the anoxia problem, with its association with
sediment oxygen demand, has an important impact on
the living resources.
The presentations on pelagic trophic structure, in
contrast to the data-oriented presentations on benthicpelagic structure, were related to ideas and hypotheses.
Our understanding of .the Bay in this area is still
limited. Roman, White, and Brownlee have reported
some results on grazing potential and abundance of
organisms in the water column, but these results are
only a start. The question of top-down vs bottom-up
control is important, since we know that nutrients have
increased at the bottom, and many of the top predators
have been removed as well. It was suggested that the
removal of a very large biomass of oysters, relatively in
the middle of the trophic structure, has had a significant
effect on that structure and consequent flow pathways
of energy and material.

The basic production mechanisms in the Bay may
have changed. The bacterial food web may have
become more important than the traditional metazooan
food webs, and may now dominate; in any case it
certainly appears to have gained in importance. A
question unanswered thus far is how important it was in
the past; it may have been important but unstudied.
It is possible that the food pathways may have
shifted toward jellyfish, away from the metazooan web,
and that this may have contributed to the decline in
harvestable living resources.
The recruitment process has not been much discussed here, although these episodic events do influence populations. The blue crab work at VIMS, which
is highly resolved in time and space, is a good example
of the kind of work we need to do to understand the
recruitment process and how it affects the abundance of
harvestable resources. We need to take an ecosystem
approach as well as investigating these specific questions of recruitment The recruitment process is highly
variable, and is influenced by two major factors: adult
stocks and environmental conditions in a specific year.
It seems now th:it the environment may be a more
important factor lhan adult stocks. We also need
traditional kinds of fisheries research, as well as singlespecies and multi-species modeling efforts. It is worth
repeating here a recommendation that was made at a
Sea Grant conference on fisheries in February: that
fisheries research should concentrate on the first 100
days of life. It is here that the physics of the system,
the available food, the productivity of the Bay, prey
relationships, the potential for disease and contaminants, and the role of habitat all are most important
As far a research needs, there is a critical need for
strateg.ic planning. This process is beginning, through
STAC, the Monitoring Committee, and the Living
Resources Committee. We need time-series analyses,
with monitoring; the appropriate time and space scales
for monitoring .are still open to question. We need to
integrate Chesapeake Bay system research better with
fishery research.
Restoration strategies are critical, not only for SA Vs,
but for other resources such as striped bass and other
anadromous fishes. We need to learn how to bring
these resources back to their former levels.
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It is hard to estimate the costs of the research that is
needed, except to say that they will be large. Restoring
or stabilizing the resources of the Chesapeake Bay is
worth doing, but it won't come cheap. One way to

carry out research cost-effectively, an intennediate
option between a small tank in the laboratory and the
whole Bay, is the mesocosm approach. This approach
should be explored and used more fully.

DISSOLVED OXYGEN: Eugene Cronin

This conference has shown much evidence of the
progress being made in this field. Interest is broad, and
some efforts have been interdisciplinary. Sea Grant
programs have selected dissolved oxygen as an area of
exceptional importance and have supported it over a
number of years. The ten papers presented here do not
adequately represent what we know or what is being
worked on, so it is difficult to summarize on the basis
of these papers alone. Some of the needs in anoxiarelated research were suggested by papers given in
other concurrent sessions: on the causes and degree of
vertical stratification in the Bay; the effect of anoxia on
the availability of toxics in sediments; the chemical
state of inorganic toxicants; the absence or presence of
oxygen related to sediment flux. Where and with what
intensity is deoxygenation happening? What processes
are causing it? What are the ultimate chemical and
biological effects? What management is possible?
What can and what cannot be controlled?
As sources of oxygen consumption, the microbiota
appear to be growing in importance, accounting for
perhaps as much as 30-40% of the oxygen demand. In
responses to nutrients some obvious possible linkages
are seen, but much is yet unclear. Modeling is still
useful, as it breaks the world down into understandable
pieces. The possibility was raised here that the 99%
removal of oysters has contributed significantly to
anoxia, as the filtration capacity of this species has been

lost without this control on phytoplankton crops, they
have increased in response to added nutrients, and the
decay of the large phytoplankton biomass may be
contributing to the oxygen demand processes.
The biological effects of anoxia have been studied in
the goby; this species is not very mobile and can give
some idea of the biological effects in a spatially limited
area.
The significance of anoxia has been debated. One
presenter contends that anoxia has not increased over
time, but that the changes observed have been largely a
result of spring flows - the most important element,
especially in the upper part of the system. One problem
may be a mismatch between the predators and the
location of the food supply.
Modeling continues to be a vital tool, serving several
functions. The importance of verification must not be
underestimated.
This conference has been important for its interdisciplinary discussions. We must become predictive, we
must develop hypotheses, we must go to the field and
test them, then discuss our results and fight it out.
People must be aware that we are in a hydrodynamically fluctuating system.
In discerning what research needs to be done, the
most effective approach may be to ask experts what
research should be funded outside of their field.

SUBMERGED AQUATIC VEGETATION: Robert Orth

Submerged aquatic vegetation gives us a Bay-wide
perspective, a unique blend of the scientist, citizen, and
manager in action. In 1978 little was known about
SAVs. Since then there has been a tremendous change
in the attitudes of scientists and managers, and citizens
have joined the effort by monitoring. The importance of
this citizen involvement should not be underestimated.
For instance, the citizens' perceptions of hydrilla have
changed, and with the change has come a different
approach to control. The chemical approach that led to
application of 2,40 to milfoil 30 years ago has given
way to mechanical control.

ducted annually since 1978. No major shifts have been
found; most of the SA V is still in the lower Bay. We
still do not know what the distribution was in the
1960s. It is possible that areas now denuded were
choked with vegeation then. For the last 10 years snapshot pictures have been used to study local changes in
abundance. Now it is possible to overlay the distribution data with water quality data. A resurgence is evident in the York. the Rappahannock, and the mid-Bay
area, probably due to climatic changes. The declines
came from the upper Bay to the lower, and from
upriver to downriver. The increases now being
observed are primarily in the vicinity of existing beds.
Water quality criteria. Major monitoring efforts in
the York and Choptank Rivers will contribute to the

Distribution and abundance: a decade of change.

The first task ten years ago was to find out the current
distribution. Mapping surveys of SA Vs have been con-
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development of water quality criteria for SA V. As the
SAV are immobile, relatively small shifts in water
quality can make big differences in SAV growth. This
sensitivity has implications for water quality management efforts.
Natural resource value. To clarify the natural
resource value of SA Vs, physical oceanographers and
blue crab specialists need to pool their efforts. SA Vs
have a role in the early life stages of the blue crab, but
the relationship has not been fully described.
Restoration. Restoration of SA Vs is important
because many appropriate areas are too far from
existing areas for the natural spread to revegetate them.
Most of the test programs are using whole-plant
material; these programs need infonnation on plant
spacing, use of fertilizer, and ideal plant size. The
latest effort is to use seed processes, as these are less
labor-intensive. Transplanting is an important tool for
understanding relationships between plants and the
environment. Generally transplanting is not feasible in
the upriver historical sites far removed from existing

beds, because the cost of moving the plant material is
too great. The difficulty in guaranteeing the success of
SA V makes mitigation a risky proposition. Emphasis
should be on protection, not mitigation. Studies should
continue with propagules such as seeds and with early
successional species and mixed plantings.
Monitoring. The monitoring program should continue, with annual photography so we continue to
acquire data even if it is not all mapped. This information has been valuable to managers in assessing the
impact of development. The lack of historical data has
been a big obstacle to us; knowing this we should not
fail to acquire data now for the future. We need a better
link between investigations in the upper Bay and those
in the lower Bay. Microcosm experiments are needed to
help clarify the effect of suspended sediments. We must
take a broader view to understand the relationships
between blue crabs and their habitat. We need to
continue testing restoration methods, considering what
effect population pressure may have on the future of
SAY in the 21st century.

TOXICS: Nicholas Fendinger

sulfite to sulfate has no toxic intermediates, but some
copper is released in the process.
Relation to biota. Body burdens of PAHs and PCBs
in blue crabs appear to be unrelated to the areas where
the crabs are sampled. This lack of relationship may
refect the blue crab's mobility through its life history;
or it may be due to the shedding of the exoskeleton.
Nutrients are widely considered to be the principal
culprit in the decline of the SAY. However, toxics may
also be important contributors to their decline. Data
were presented here on a bioassay for the phototoxicity
of contaminants on SA V. This toxicity test could be
used to establish water quality criteria for SAV, and
effluents could then be tested for SAY toxicity.
Induceable adaptations have been used in bioassays,
specifically in a stress protein imrnunodetection assay.
This assay gives a uniform response regardless of
whether stress is caused by temperature, oxidants, or
chemicals, and it is inexpensive and easy to perfonn. It
may have broad applicability for testing in the Bay.
Toxic effects on fish include four types of deformations of gill tissue: blood clots, enlargement of cells,
abnormal cell numbers, and broken filaments with
altered growth patterns. Although the deformities
obviously impair the health of the organisms, it is hard
to judge their significance at population levels.
A rapid toxicity test for sediments presented here
may prove to be a reliable test for sediment toxicity;
another useful test is behaviorally based and utilizes the
burial rates of clams.

The area of toxics is extremely complex, involving
the physical properties of the Bay, physicochemical
properties of toxic compounds, and complex interactions with the biota of the Bay. Toxicants entering the
water from agricultural and industrial uses, from spills,
and from fugitive emissions will be distributed throughout the Bay, and their distribution will be determined in
part by the physicochemical characteristics of the
compounds. Once distributed, toxic materials will both
affect and be affected by the biota. Three areas have
been addressed here: source assessment, dynamics of
pollutants in the environment, and the interaction of
pollutants with biota.
Source assessment. Papers here reported that about
a quarter of the 65 Department of Defense installations
in the Bay watershed had significant effects on water
quality, but most of the impacts were fairly local. Data
were also presented on levels of toxic materials in
effluent from commercial shipyards, and on their levels
of toxicity.
Dynamics. Toxicants accumulate in the microlayer,
possibly affecting blue crab larvae and other living resources. Microlayer concentrations can reach 10-1000
times the concentration in the bulk water underneath.
Photochemical oxidants, such as hydrogen peroxide
and ozone, in Bay water can also influence the behavior
and toxicity of chlorine and chromium in the Bay. The
question was raised whether dechlorination does any
good, or, conversely, any harm. Evidence on its
benefits is mixed. As far as harm, the conversion of
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Important areas of toxics not covered here include
the important research on the physical dynamics of
pollutant transport, understanding of the basic chemical
properties of compounds, the importance of sediments
and determination of whether they serve as a source or

as a sink, and impacts of toxic materials on growth,
reproduction, immunology, and genetics of Bay organisms. In addition, the ability to address toxic effects
on populations and communities is in a primitive state.

PHYSICAL PROCESSES: Eric Itsweire and Owen Phillips

This summary has two parts: what we know about
circulation, and what we need to know.
Models. Local models of circulation seem to be
successful. For instance, the circulation model for
Hampton Roads developed by the Virginia Institute of
Marine Science is a good blend of field observations,
simulations, and simple theoretical and numerical
analysis. Models of Baltimore Harbor and the Patuxent
River are also useful for prediction of general features,
but only for average characteristics with an arbitrary
choice of parameters. The model of an estuarine plume
developed by Hom Point Environmental Laboratory
can reproduce basic behavior with simple geometry.
The global model developed by NOAA has not been
very successful, and it is unclear whether it can be
tuned for greater usefulness.
Remote sensing. NOAA research shows Bay-wide
patterns of near-surface sediments in response to high
runoff, but includes no quantitative estimates of sediment transport. Acoustic and thermistor chain measurements made by Johns Hopkins scientists show transient
mixing events and internal waves at the pycnocline, but
a possible bias in the sampling must be considered.
Measurements of dissolved oxygen and salinity by
HPEL and the Chesapeake Biological Laboratory show
a negative correlation between DO and salinity at the
Choptank-Patuxent transect. Efforts are being made to
use physical data to formulate managerial decisions.

Future prospects. The work of Pritchard has
provided a base to build on, but we now realize that the
impact of transient or sporadic events is still poorly
understood. There is a need to integrate remote sensing
from acoustic, airborne, and satellite sources with highresolution in-situ instrumentation in prioritized, wellplanned, well-directed studies. In particular, studies
should address frontogenesis and frontal evolution,
turbulent mixing, and the spatial-temporal response to
transient weather events. The corollary to this effort
should be an intensive investment in modem equipment
for simultaneous observations.
Models need to be developed for description of
transient and local events and the reestablishment of
water characteristics thereafter; these models should be
closely tied to the observational program.
The multidisciplinary approach should be combined
with a careful scrutiny of what long-term studies would
provide useful scientific and managerial information.
Critical but rapid peer evaluation of the results of
research is necessary, with dissemination of the results
in clear, nontechnical language to both the biological
community and managers and legislators. Reviewed,
technical literature is an inefficient means of communication beyond the physical oceanography community.
It is not enough for communication to the larger
audience to be reliable and complete; it must first of all
be comprehensible.

NUTRIENTS: Carl Cereo

ments; we need fundamental research. The picoplankton, and microzooplankton have not been well enough
studied generally.
Third, sediments are a hot topic. The whole question
of nitrification/denitrification is of great importance, as
denitrification is the only exit from the sediments for
nitrate nitrogen. We need far greater coverage of the
Bay with sediment traps; the trap about to be placed is
only the second one in the entire Bay. There is no
substitute for actual measurements.
Finally, there is a great need for more spatial
resolution in data from the lower Bay and the lower
tributaries.

Rather than summarizing all the work that has been
presented here, I will mention several papers that struck
me with the greatest impact. First, the groundwater flow
of nutrients into Chincoteague Bay is being measured,
and the flow is very substantial. Yet very little is being
done in this field. Considering how important nutrients
are and how little is being done, groundwater flow is a
research area that we need to expand in the Chesapeake
system.
Second, the importance of microecology is growing.
Nutrient cycling and respiration need more study in
bacteria, picoplankton, and microzooplankton. We
need more than applied ecology and in situ measure-
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"How do we get there? Who pays the fare?"
Joseph A. Mihursky, moderator
REMARKS BY MONICA HEALY

The great strides EPA, the other federal agencies
involved in the Bay clean-up program, and the other
three Bay states have made in recent years cannot be
exaggerated. Last December they took a giant step
forward by signing a new Chesapeake Bay Agreement
to guide us into the next century. I won't go into the
details of the document because I know other speakers
have already done a thorough job of that. However, I
will say that the agreement may prove to be the most
significant step in the history of the Bay clean-up
program. It sets tough new pollution control standards
for the entire Bay.
This new document gives us reason for celebration,
but it must be tempered with a measure of sobriety.
Government officials will have to bite the bullet and
infuse billions of dollars into the clean-up effort. They
will be required to make the difficult choices between
competing interests to guarantee the Bay's vitality.
Assuring the flow of federal funds will not be easy,
since the administration and Congress are crying to
grapple with the stark realities of our fiscal crisis.
There have been major cutbacks in federal programs in
an effort to reduce the deficit. Because many sources
of federal funds for environmental programs are simply
drying up, states and localities have to carry more of the
burden. The situation will get worse before it gets
better.
The shrinking federal pie will surely reduce the
amount of overall federal funding flowing into estuaries
over the next several years. However, we have a great
deal going for us in our fight to get a pretty good slice
of that smaller pie.
We have, first of all, a highly popular and highly
visible campaign to clean up the Bay. The Bay's close
proximity to Washington makes members of Congress
much more sensitive to its problems, and much more
aware of what the states are doing to address them.
We also have a good case on the merits. There is a
demonstrated need - a $27 million EPA study has
documented that our nation's largest and most productive estuary is dying.
Moreover, we have tremendous political clout in
Congress. The House members and Senators who
represent the Bay states have formed the Chesapeake
Bay Congressional Caucus. They are a potent political

force in Congress and have been very successful in the
past in capturing federal funds and passing legislation
to further our efforts. Furthermore, it certainly doesn't
hurt that many members of Congress have direct,
personal connections to the Bay. When President
Reagan singled out the Bay during his 1984 State of the
Union Message to a joint session of Congress, a
reporter asked a friend of mine why there was such a
big round of applause for such a parochial concern.
"Simple," my friend told the reporter, "they all have
boats on the Bay."
Finally, the lessons of the Bay clean-up program will
serve as a useful model for similar campaigns for other
estuaries around the country. Thus any investment in
the Chesapeake will reap benefits far larger than a
healthier Bay.
In sum, it's a good news/bad news scenario for the
Bay in terms of prospects for future federal funding.
The bad news is there is limited funding available
for programs to aid the clean-up effort. The good news
is that we have all the right ingredients to give us a leg
up on other states who will be competing for the same
money. If we use those ingredients to our advantage, if
we work even harder at our lobbying efforts - and that
means grassroots support from all of you - and if we
continue to work as a team, I'm oplimistic that we can
be successful in obtaining the federal monies and
programs needed to return the Bay to a productive,
healthy State.
You're probably wondering how can you help
further our cause on Capitol Hill. You can and should
be an integral part of our grassroots lobbying efforts.
You have done a tremendous job in producing the
scientific evidence that has far-reaching ramifications
for the future of the Chesapeake Bay, and that research
can make a real difference during the decision- making
processes on Capitol Hill.
But the research is of little use in Congress unless
policymakers can understand its value in practical
terms. To be blunt, you have to spoon- feed them.
First, politicians and their staffs often have little or no
scientific background, so it's important for you to
translate what you 're doing into the simplest possible
terms. For instance, many don't even understand basic
terms like "non-point source pollution." It helps to
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explain that in language they can understand. Second,
you have to show them how your research translates
into tangible action for the Bay. Often, scientists come
to the Hill and talk about the wonderful research they're
doing, but what's going on in politicians' minds when
tney listen to that is, what good is it for the Bay? For
example, you have to explain how scientific research

has led to specific standards for discharge permits. Or
you could tell them how research led to the ban on
TBT.
If you explain science in plain language and show
politicians how what you do translates into tangible
action, I can guarantee that federal research funds will
continue to flow - as they should.

REMARKS BY CHRIS D'ELIA

I am the Program Director of the Biological Oceanography Program at the National Science Foundation,
and I have been very appreciative of the efforts Ed
Houde made while in the same position several years
ago. His work on strategic planning has helped make
NSF more active in the integration of future research.
Within the Ocean Sciences Division there are four
research programs: biological oceanography, chemical
oceanography, marine geology and geophysics, and
physical oceanography. Out of a total budget of
roughly $140 million this fiscal year, the strict research
programs garner about half the funds. The other half
goes to the Ocean Centers and Facilities Support, which
pays for the ships and other infrastructure necessary for
ocean research.
The budget in Biological Oceanography this year is
about $15 million, of which about $3 million goes into
research in the estuarine and coastal areas. Our budget
this year did not do as well as we had hoped. Before
the stock market aberration in October we had about a
19% increase, but what we actually received in the
omnibus appropriation act was about a 3% increase,
which means we are not quite keeping up with inflation.
To make the best use of these limited funds we are
trying to plan more actively than in the past. The NSF
works on a peer-reviewed system in which an individual investigator with an idea puts together a proposal
that then goes out for peer review. This system is good
at turning the best ideas into meaningful long-term
output. The problem is that it is very bad for strategic
planning and for directing research in a particular area.
Thus we are trying to develop budget initiatives,
specific areas we feel need to be stressed more, and we
are asking the scientific community to tell us what

needs to be done in these areas.
Our primary efforts currently are involved with the
Global Ocean Flux Study (GOFS), which deals with the
large issues of global climate, the C0 2 effect and the
associated problems. Specifically there is interest in
transport of carbon to the deepsea sediment reserves of
carbon, the overall impact of this process, and the
various trophic pathways involved. Another initiative
is a study of recruitment: where do organisms come
from and how do they interact? The biotechnology
initiative in Biological Oceanography has focused particularly on molecular biology and genetic approaches
to understanding oceanic processes and ecology.
Ridge-crest processes, which involves the study of
deep-sea vents and rifts, has a small share for us.
The most important initiative to us here is the landsea initiative. We need to have the scientific community be very active in developing a land-sea initiative
that will be a specific budget line item in the NSF
budget. A small amount is available in the next request,
and we have a small program jointly with another NSF
division, the Ecosystems Dynamics Program - the
land margin ecosystem research initiative. This initiative has about $700,000 available this year, which
obviously will not go far in the long run. We are trying
to develop a significant enhancement to the NSF budget
that will involve a lot of community effort in putting
together planning documents and stating what the needs
are. I hope to see substantial results from this effort
within five years, because we understand from top
management in NSF that we should not expect enhancements to our core program; we need to talk about
more integrated programs. Congress needs to see specific items when we talk about budget enhancements.

REMARKS BY JOHN W. DA1'1EL

research, or develop a healthy respect for it. I hope I
have developed a healthy respect for it.
We have come to a point in our Chesapeake Bay
programs that the level of scientific contribution to
policy· and programs has become more important, with
a prospect of increasing importance in the future. Some

Earlier this month we funded $55 million for
Chesapeake Bay programs. A large percentage of this
money is direct contribution to the scientific community. An observer from the political arena such as
myself who may not understand exactly what you
scientists do can either ignore the intricacies of your
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years ago, for instance, the relationships between open
privies near streams and tributaries, degraded water
quality, and the negative impact on shellfish were
evident - to scientists and to non-scientists as well.
But contrast this to the absolute essential scientific base
necessary to draft and approve and implement a
prohibition on the use of tributyltin paints. There is a
substantial difference. Without that scientific basis and
the capacity to perform the research, that particular
action by states bordering on the ~:iy to improve water
quality simply could not have occurred.
Thus in 1988 there is a much greater acceptance in
the non-scientific community than there would have
been in the past for a scientific conference with very
technical topics, and there is a willingness to address
the economics necessary to accomplish that research.
Policy decisions and regulations must be well founded
on scientific fact. To be successful, regulatory programs must be legally defensible, and that can only be
achieved with a sound scientific basis.
All of this is expensive, and who will pay the fare?
It is incumbent on those of us responsible for policy
decisions, especially at the state levels, to coordinate
scientific research with our regulatory programs. It
seems to me that, as with TBT, the link between the
science and the utilitarian value of that research to pro·

grammatic functions is a tremendous catalyst to helping
you pay the cost. By virtue of the Bay Agreement, for
instance, the states are obliged to move forward with
toxic control programs in our respective water control
agencies. The solutions to those concerns will be
individualized to the jurisdictions, and they will not be
identical. They will be alike, however, in requiring a
sound scientific basis to be legally defensible. If we
don't do this, we move backward rather than forward.
So who pays? The easy answer is that we all pay.
Federal, state, and local governments pay, the regulated
community pays through capital improvements and
technological investment, and individuals pay with
changed habits and investments of time and energy.
The private sector and foundations pay with grant
funding and charitable contributions.
We need, however, to maximize what is produced
with these payments. This necessitates cooperation
rather than competition, and the beneficiary of these
efforts must be not individuals but the Chesapeake Bay.
If we can show the regional and Bay-wide value of a
dollar spent in any individual jurisdiction and demonstrate to those who pay how that science relates to
useful programs, we benefit the understanding of the
estuary and we demonstrate the necessity of continued
funding for advances in Chesapeake Bay research.

REMARKS BY FRAl\'K PERKINS

We are working in an exciting field, one that is ap·
pealing to the general public. There are individuals
who have the resources and ability to fund our work at
a very high level. We are able to make a presentation
to a potential donor that is fascinating, exciting, fun,
and shows the practical value of our work. We have a
lot going for us; and we can look to the Cousteau model
for effective presentation of exciting material. The
creatures of the Bay are just as exciting as those in the
open ocean highlighted by Cousteau.
One of the things that corporations respond to
readily is the need for superior instrumentation. An
effective selling point is that an institution can compete
much better for federal funding when the expense of
instrumentation does. not have to be added to proposal
budgets. As an aside, I might note that a number of
federal agencies have excellent shops and fabrication
plants (NASA comes to mind right away), and we as
marine scientists need to establish relationships with
those agencies because a lot of the instrumentation we
need can be constructed de novo. When we approach
private donors, especially individuals, we must make
them aware of what we are doing and try to involve
them to some extent in day-by-day operations. Obvi-

ously this kind of thing if overdone could be a real
burden, but done properly, the hands-on experience in
rhe living world can be a powerful aid in persuading a
potential donor to support our work.
Private foundations seem to be orienting themselves
increasingly toward public policy and resource management, leaving it to the federal agencies to take care of
the basic research in biological and physical sciences;
but the potential of private foundations should not be
dismissed.
User fees, which have already been mentioned, may
be an overlooked source of funds.
As we develop programs for approaching the private
sector we must accept the necessity of diverting some
funds into the use of video to capture the imagination of
the public. This is hard when the money is diverted
from research, but video is a tremendous tool and we
should be making better use of it.
More specifically, we must be concerned not only
about the health of the Bay overall, but also about the
health of organisms per se. We need a strong branch
analogous to medicine or veterinary science, to deal
with this. And this kind of work should be very easy to
find support for among private donors.
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State funding is being covered by other speakers, but
one obvious point that can use emphasis is that when
you go to the legislature or the executive branch, you
should be prepared to propose something that has a
short-term payoff. We know enough about the system

that in some areas we can offer a proposal with a high
probability of success - oyster culture comes to mind.
This kind of proposal is appealing to those who have to
justify their appropriation of funds to constituents
expecting results.

REMARKS BY IAN MORRIS

The remarks to follow reflect a personal bias and
prejudice. They have not been subjected to the usual
rigor of literature comparisons for any originality or to
peer review for any intellectual validity. They should
be read with these apologia clearly in mind.
At the end of this conference, I want to make three
brief comments. Firstly, I would like to congratulate
the organizers on creating a highly successful gathering,
and to highlight one of the most prominent features of
the past two and a half days. I do this, not because this
prominent feature is hidden to all others here (it has
been a feature of much of the coffee discussion), but
more because it will lead me into the two other points I
wish to discuss. Rarely, if ever, does one see at a
technical conference such as this a mix of scientists,
government officials, and interested citizens such as we
have seen here. It is one of the most intriguing features
of recent and current activities in the Chesapeake Bay
region. Scientists want their work to matter to those
charged with making decisions on the future of the Bay.
These decision-makers want to hear the scientists and
the citizens. Citizens want to learn of the latest
technical information and thinking, and to influence
further studies and future decisions. All of this is a
major feature of the Chesapeake Bay today. There is
no better example of it than in the attendance at this
conference. It might be argued, too, that any continued
success in addressing the "problems of the Bay" will
depend on this closeness of interaction between
scientists, citizens, and government. Yet the nature of
that interaction must be right, with each segment
playing its appropriate role.
If the above comments are true, I would like to
suggest that they have some profound implications for
all of us. Here, I want to address only two. The first
concerns what can and should be expected from the
scientific and technical community. The second
concerns the need for truly transdisciplinary input of
information into any decision-making process about an
ecosystem and its natural resources. I shall try to make
my remarks relate to this conference and so be slightly
relevant to the title of this final session.
Much (but not all!) of the research presented at this
conference is supported by regulatory agencies; that is,
by agencies whose primary responsibility is to recom-

mend the passage of certain laws and to enforce them,
so as to lead to improved management of an imponant
natural resource such as the Chesapeake Bay. Inevitably, such agencies need research which guides their
decision-making process and which supports them once
decisions are made. Under conditions of limited
resources and of rigorous accountability in the expenditures of public funds this need becomes even greater.
Thus, such agencies are severely constrained so that
support for any specific piece of research must be
justified by pointing to a direct link between it and a
specific decision or action. Similarly, a scientist who
lives in the real wor!ri knows that support for a piece of
research will depena on arguing for such a direct link.
Yet there seem to me to be real dangers in arguing such
immediacy and directness between specific research
and specific management actions.
On other occasions, I have emphasized the dangers
to the scientist, particularly the younger one, where
such constraints can severely affect the creativity of a
particular study. Here, however, f wish to make a
different point. It may be that we in the environmental
scientific community cannot deliver this directness and
immediacy of connectedness between specific research
and specific management needs. It may be, too, that the
sponsoring management agencies are misled in asking
for such direct linkages. Rather, we might argue, the
purpose of research on a particular ecosystem or
environmental problem is to weave a tapestry of
knowledge which would provide a framework of
understanding, within which specific management
actions are made. Perhaps, too, we should recognize
any particular decision or action improved because of
such a framework and not because of any specific
research. It would be revealing to analyze the historical
record of management decisions on the Bay within this
context. ft may be that past decisions have benefited
more from our increased understanding gained over
years of study and not from a specific piece of research.
If this is true, it seems to me that it has profound implications for the way in which regulatory agencies can
benefit from, and therefore should sponsor, research.
My second point concerns the crucial interdisciplinary nature of research needed to provide the framework of understanding mentioned above. We often
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stress the need for interdisciplinary studies by pointing
to the desirability of physicists, chemists and biologists
working together. But I think this is missing the point.
The system of the Chesapeake Bay is much bigger than
the water, the sediments, and the aquatic living resources. In the Chesapeake Bay the ratio of watershed
area to water volume is very high. Thus it is crucial
that we expand our horizons beyond the edge of the
water and go into the vast watershed. When we do, we

shall realize that the Chesapeake Bay system includes
the land use, the demography of population, the culture,
the history, the economics, and the politics. Decisionmaking must be done against a background of awareness of this system "as a whole." We should be
speaking of an "information-management" interface
and not the narrow "science-management" interface.
And the information needs to cut across disciplines.

REMARKS BY DAVID CHALLINOR
As manager of a large research budget one of the
things I have to do is find funds to support it, and this
can require a lot of imagination as well as hustle. For
example, the Smithsonian was given a part of a group
of islands on the Eastern Shore that about 200 years ago
formed one large island of probably 1000 acres. For
the last 200 years this island has been disintegrating
rapidly, and now there are half a dozen small islands
that erode at least 10 feet a year. The Smithsonian was
under a great deal of pressure to "do something" about
this erosion, particularly because these islands harbored
one of the largest great blue heron rookeries on the
Chesapeake Bay. We spent more than $100,000 trying
to put in bulkheads, which lasted about two years.
Finally in a very wise move the Smithsonian sold those
islands. In 20 years they may well be gone.
While we had the islands, however, it was important
to try to figure out what we should do. One suggestion
was to build them up, reversing nature's process. A
large company proposed to use the islands as a repository for plastic-baled rubble from the redevelopment of
Baltimore and Philadelphia. Biologists were opposed,
fearing among other things the release of toxic metals.

The developer painted a rosy picture of how the rubble
would be brought in by barge and used to create a
lovely hilly island covered with blue heron rookeries.
We were able to get a private foundation to give us
some money to find out just how practical these ideas
were. It was found that the likelihood of punctured
bales leaking toxic materials was fairly high, and it
became clear that although the project might solve
someone's waste disposal problem, it was unsound
from an environmental point of view. In any case, we
were able to get funding from the company that wanted
to dispose of the waste and also from a private foundation that was simply intrigued by a rather interesting
idea. We at the Smithsonian put in a little of our own
money as well; companies and foundations are more
likely to feel comfortable spending their money on your
project if you show them that you are willing to spend
your own on it.
So I see two things as useful: first, put some of your
own money into the project to make it more "believable;" and second, somehow lure the key characters
into the lab or onto the vessel where their excitement
and interest gives you a high likelihood of success.

REMARKS BY SHELDON SAMUELS
future of science in the hands of the regulator.
An example from personal experience began in
1979, when the federal government decided to regulate
benzene as a carcinogen in the workplace. The
petroleum industry challenged this and brought it to the
Supreme Court. My organization challenged the
petroleum industry. The Supreme Court's decision was
one I did not quite understand. I understood risk
assessment, and in fact have written several peerreviewed papers on quantitative risk assessment, but I
did not understand what the Supreme Court meant
when it said that priorities for regulation ought to be
based on risk assessment. Kyler Hammond, senior
vice-president of the American Cancer Society and the

Science requires public support, but to gain it does
not require that we respond to the immediate or even
the long-range needs of society. The practical demands
for understanding our urgent needs in the environment
or other issues are driving forces in every field. Science
is also driven by technology. We are, as Bergson perceived, Homo Jaber, man the tool-maker. But we also
remain Homo sapiens, man the seeker of knowledge.
Sadly, Homo sapiens is more often forgotten than
remembered. The changes in federal disbursements
traditionally earmarked for science are an example.
Funds are being diverted from science to the regulatory
agenda of our federal government at an unconscionable
rate. It is not only unwise, it is dangerous to place the
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leader at the time in the field of risk assessment,
advised me, when I asked about this requirement, that I
should not worry, that the back of an envelope and a
pencil stub would be adequate. By 1984, however, they
were not enough. Mr. Ruckelshaus gave his famous
speech at the National Academy of Sciences on how
use of risk assessment would speed up the regulatory
process. In reviewing a draft of his speech I told him
that this would not speed up regulation.
Four years later the federal government is now
spending $50 million a year on quantitative risk
assessment research, and regulation is not speeded up.
And $5 million of this money came from the National
Science Foundation, diverted directly from basic
research. Risk assessment cannot and will not speed up
regulation, and it is a perfect example of how funds are
unwisely diverted into the hands of people who have
some inunediate political needs, who reshape the
science itself. Homa sapiens has not made his case.
In 1944 a famous BBC broadcast involved an
interview between the nuclear physicist Polanyi and the
philosopher Bertrand Russell, whose principles of
mathematics formed part of the basis for quantum
physics. The discussion was on nuclear energy
research: was the work begun with an application in
mind? Would there be a practical result? Both Polanyi
and Russell said no. Thirty days later the bomb
dropped on Hiroshima.
There are two lessons here. One, there was no way
to forecast that there would be an application. Two,

there was long-term support from the public for that
kind of research. Remember that Einstein's paper on
special relativity was given at a conference sponsored
by a mining company, which expected no practical
application of the theory but sponsored the conference
regardless - because of fascination and curiosity, and
because of the realization that the good and the true is
often indistinguishable from the beautiful. The public
is us. We are not basically different from the banker or
the baker.
We need to do a better job of making our case for
science qua science, and also to use our political powers
to protect our programs. At the same time we need to
do a better job of understanding what other disciplines
are contributing to an understanding of the problems for
which we can supply only one facet of the solution. We
need only remember a principle of science that we
constantly assume - the continuity of nature. It makes
sense to look at cancer in fish as evidence of human
carcinogenesis. It makes sense to look at the work
environment for evidence of what may occur in other
species. It makes sense to model the Bay, using
techniques borrowed from the physical sciences. It
makes sense to use techniques of population study
ecologists have developed to analyze the dynamics of
human populations. It makes sense first because it is
heuristic, from a scientific point of view, and second
because the public perception is of the whole, and we
must respect that perception if we expect public support
to be forthcoming.

QUESTIONS FROM CONFERENCE PARTICIPANTS
Q: There has been a lack of concern here for the edges
of the Bay, the wetlands. In the Chesapeake Bay there
is an important gap that would tie the biological and
energy contributions of our marshes, both fresh and
salt, to the productivity of the Chesapeake. This is
important right now, because at least in Maryland
extensive mosquito control operations, replacing pesticides with upper marsh management, are destroying
many of the natural marshes around the Chesapeake;
and I am not aware of anyone anywhere monitoring this
kind of activity. It is justified by those doing it as being
better than the pesticide alternatives, but someone
should be taking some interest in the fate of our salt
marshes as a result of these destructive management
practices.
A: As Ed Houde pointed out, this particular conference
did not cover the whole Chesapeake world. Our
embryonic plan is, if a conference is held in 1990, to
cover a range of different topics.
A: NSF is funding studies of marshes, and we have

made progress in understanding them, but it is true that
this work has not been done in the Chesapeake.
Q: Most of the work NSF has funded has been in the
coastal regions of Georgia, South Carolina, and New
England - areas not suffering declines - and these
studies have shown the nutrient dynamics and documented the value of marshes to coastal food chains.
We need similar studies in the Chesapeake Bay,
especially in the mid-Bay region where rapid changes
are occurring. We need to know what these changes
mean for resources in the Bay.
Q: Another topic omitted from this conference is
dredging and its many impacts.
A: A call for papers went out around the Bay, and if
topics have not been addressed here it is partly because
the people doing the work are not in attendance here. If
everyone were aware that a Chesapeake-based conference would be scheduled every two years, people
would have a better chance in the future to contribute to
the conference and get their interests discussed.
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A: Under the Bay Agreement, a comprehensive research plan is to be developed, and scientists around the
Bay are integrally involved in contributing ideas for it.
Q: How can we institutionalize the acquisition of longterm datasets?
A: Give money to the lab directors and trust them.
A: The question of institutionalizing data sets is one
that concerns a lot of us. This country is not using its
computers and networks to make data really available.

We need a central, independent, quasi-governmental
data organization. The kind of data that people here
collect is directly relevant to human ecology and should
not be hidden away in specialized databanks.
A: One thing that would help support the long-term
monitoring effort would be an agreement at least
between the governors of Virginia and Maryland that
would commit those states to monitor in the long term.
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Understanding the Estuary: Advances in Chesapeake
Bay Research. Proceedings of a Conference. 29-31
March 1988. Baltimore, Maryland. Chesapeake Research
Consortium Publication 129. CBPITRS 24188.

Effect of Changing pH and Salinity on
Chesapeake Bay Striped Bass Larvae
Andrew S. Kane, Richard 0. Bennett,
and Eric B. May
University of Maryland
School of Medicine
Department of Pathology
10 South Pine Street
Baltimore, Maryland 21201

A laboratory study was conducted to examine the effects of rainfall
phenomena on striped bass (Merone saxatilis) larvae under conditions known to
occur in Chesapeake Bay striped bass spawning grounds.
The two variables
under observation were salinity dilution and pH depression as they affected
hatchery-reared 10, 13, 16, 19, 22 and 30 day old (post-hatch) larvae from
Choptank River, a tributary of the Chesapeake Bay, broodstock.
A continuous
flow dosing system was developed to expose larvae to three pH depression
regimes by metering three pH-controlled test media (pH 7.5, 6.5 and 5.5) into
the exposure chambers.
Initial pH for all exposures was 7.5.
Final pH in the
exposure chambers after 24 hours was 7.5, 6.8 and 6.2 for each pH depression
regime respectively.
The system also controlled salinity maintenance at 1.1
ppt as well as dilution from 1.1 ppt to 0.6 ppt over a 24-hour exposure
period.
Tests were conducted at 18°c.
Test media consisted of "soft
reconstituted" bioassay water with a hardness of 42-45 mg/L (as CaC0 3 ) .
Statistical analysis revealed that age, pH and salinity were all
significant variables affecting larval mortality.
Salinity reduction
significantly increased mortality in fish exposed at pH 7.5, 6.B and 6.2 at 10
days of age, pH 6.8 and 6.2 at 13 days, and pH 6.2 at 16 days. Although not
statistically significant, elevated mortality in salinity reduced exposure
groups was empirically observed in all age groups (tapering off with age)
throughout all pH regimes.
Organisms in all age exposure groups maintained at
1.1 ppt salinity were not significantly affected by changes in pH.
Further,
pH depression did not significantly affect mortality in larvae exposed to
reduced salinity at 19, 22 and 30 days of age.
The data indicates that survival of 10 day old striped bass larvae is
dependent on maintenance of 1.1 ppt salinity independent of pH.
This is
supported by elevated mortalities obtained at all three pH regimes under
salinity reduction.
At reduced salinity conditions pH appears to be important
to larval survival at 13 and 16 days of age.
At 1.1 ppt the effects of pH on
mortality is negated. Mortality due to salinity reduction was significantly
decreased at pH 7.5, 6.8 and 6.2 with 13, 16; and 19 day old larvae,
respectively.
Heavy rainfall events temporally occurring during critical
periods of larval development may significantly affect young-of-the-year
recruitment.
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Abstract only

Grazing and Egg Production by Chesapeake Bay
Zooplankton in Spring and Summer
Jacques R. White and Michael R. Roman
University of Maryland
Hom Point Environmental Laboratories
P. 0. Box 775
Cambridge, Maryland 21613

Grazing of primary production by zooplankton (> 200 um) was measured in
the surf ace water of the mesohaline portion of Chesapeake Bay in May and
August of 1986 and by zooplankton (> 64 um) in March, May and August 1986.
Egg production rates were also measured for the dominant copepod species
Acartia tonsa in May and August of 1987. Weight specific filtering rates of
zooplankton populations, averaged over 24h, were higher in August (333 and 841
ml/mgC/h for 1986 and 1987 respectively) than in May· (205 and 57 ml/mgC/h) .
Average water column grazin~ pressure was up to an order or magnitude higher
in August (3.6 and 14.2 L/m /h for 1986 and 1987 respectively) than in May
(0.8 and 0.4 L/m 3 /h), due to increased zooplankton biomass during August for
both years. Copepod nauplii had the highest grazing impact of zooplankton >
64 um in March (0.5 L/m 3 /h) and August (3.0 L/m 3 /h) of 1987 while polychaete
larvae had the highest grazing rates in May (0.06 L/m 3 /h) of that year. We
estimate that zooplankton > 64 um can remove 23% of the primary production in
March, 7% in May and 79% in August. Water column egg production rates of
Acartia females averaged 0.37 mgC/m 3 /d and were not significantly different
between May and August, even though nauplii biomass and numbers were twice as
high in August. Therefore, the discrepancy between production and standing
stock of nauplii in the mesohaline portion of the Bay during May 1987
represents a loss to predation or advection.
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The Effects of Suspended Sediments on Microzooplankton Grazing in the
Patuxent River, A Subestuary of the Chesapeake Bay
David C. Brownlee, Kevin G. Sellner,
and Kevin R. Braun

The Academy of Natural Sciences
Benedict Estuarine Research Laboratory
Benedict, Maryland 20612

INTRODUCTION
As a eutrophic temperate zone estuary, Chesapeake Bay is typified by
high phytoplankton densities and chlorophyll concentrations
throughout the system. Nano- and microphytoplankton densities exceed
10 6 cells/l and chlorophyll concentrations range from several to
several hundred µg/l. The abundant primary producers should support
an active planktonic suspension feeding community, ultimately passing
the abundant primary production to higher trophic levels in the
nekton and benthos. In Chesapeake Bay, however, fish and shellfish
stocks have dramatically declined over the last several decades
suggesting some limitation in the Bay from the top (e.g.
over-fishing) or from below through reductions in food levels and
quality, habitat, etc. (Verity 1987).
Because phytoplankton standing stocks are high and cell size and
quality of the Bay's eucaryote phytoplankton is similar to
phytoplankton diets supporting high zooplankton growth in other
estuaries and cultures, we hypothesized that some factor might limit
the quantity of phytoplankton carbon ingested by the planktonic
secondary producers in the watershed, i.e. that feeding in the
plankton might be reduced resulting in lo~er secondary production and
ultimately biomass of higher trophic levels.
Over the last fifty years, water clarity has declined, as documented
by a decrease in secchi disc depth (Heinle et al. 1980). The
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decline is attributed to an increase in total suspended particulate
material as phytoplankton and inorganic suspended sediments. The
latter particulate pool, suspended sediments, has increased due to
population growth in the watershed. For example, Schubel (1981) has
estimated that there has been a 100-fold increase in sediment loading
in the Bay since colonial times due to urbanization and suburbanization. Land use also dramatically alters sediment loading rates to
the Bay with minimal input from forested lands (0.5-49 lbs/acre/yr)
and highest contributions from croplands and residential areas
(11-2461 lbs/acre/yr; EPA 1982).
Ambient concentrations of suspended sediment range from 1-600 mg/l
in the Bay and its tributaries (Schubel 1968; Roberts and Pierce
1976; Bennett 1983; OEP 1984). This mixture of non-nutritious
inorganic material and phytoplankton provides a suite of potential
food items for the planktonic suspension feeders and, potentially,
inadequate energy intake should sediments interfere with ingestion or
digestion of the planktonic autotrophs.
Deleterious effects of high and moderate concentrations of suspended
sediments on mesozooplankton have been reported (Arruda et al. 1983;
McCabe and O'Brien 1983) though little research has been conducted on
the effects of suspended sediments on microzooplankton. The size of
suspended sediments in the Chesapeake Bay (>90% less than 3um,
Schubel 1969) overlaps the optimal food size for many microzooplankters (Spittler 1973; Heinbokel 1978a,b; Fenchel 1980;
Rassoulzadegan and Etienne 1981; Rassoulzadegan 1982). The presence
of these predominantly non-nutritious fine particles could interfere
with the feeding and, subsequently, growth of these organisms. If
microzooplankton feed only on the basis of size and not "taste"
(suggested by Fenchel 1980) and these inert particulates represent a
significant portion of ingestion, then reduced growth should occur.
Ciliates are known to ingest inert particles, e.g., plastic beads
(Fenchel 1980; Borsheim 1984; Albright et al. 1987) and even iron
particles (Rifkin and Ballentine 1976). Microzooplankton could also
respond to non-nutritious particulate matter by reducing the~ir
feeding rates and therefore total ingestion also resulting in reduced
growth. If some microzooplankton also exhibit chernoreceptie>n, as
noted by Stoecker et al. (1981) for a large tintinnine ciliate,
ingestion of significant quantities of the silt particles mlght be
avoided, but time spent in handling and rejecting inert particles
would decrease ingestion rates of nutritious particles.
Positive effects of suspended particulates on ciliate feeding and
growth can also be postulated. Because sediment particles
accumulate dissolved organic material and microbial (e.g. bacterial)
populations, the organic-inorganic aggregates might supply needed C,N
and P resulting in an increase in ciliate growth rates. The
association of bacteria and suspended particles has been repeatedly
described (e.g. Goulder 1977; Pedros-Alio and Brock 1983). For some
species of ciliates grown in axenic and organically rich culture
conditions, inert beads must be added to ·the media to promote growth;
beads concentrate nutrients on their surfaces and provide
organic-rich particulate material for ingestion. Albright 1~t al.
(1987) found that ciliates isolated from marsh floe feed more
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efficiently on bacteria associated with particulates (beads) while
ciliates from a tidal creek showed preferential feeding on unattached
bacteria. With these alternative hypotheses in mind, studies were
designed to examine the effects of suspended sediments on feeding in
microzooplankton.
METHODS
The effects of increasing concentrations of suspended sediments on
microzooplankton grazing rates were studied at the Benedict
Estuarine Research Laboratory, Benedict, Maryland from winter, 1985
through summer, 1986. All species examined and water samples used in
the experiments were collected from the laboratory pier. The
sediment concentrations tested ranged between ambient (19-62) to 246
mg/l. Radioisotope labeling techniques were used in short term
experiments (4-10 h) initially using a single label cl4c-bicarbonate;
and subsequently using dual labels (1 4 c-bicarbonate and 3H-methyl
thymidine) so that clearance rates for both phytoplankton (1 4 c) and
bacteria (3H) could be measured.
Test Organisms
Test organisms included representatives from the three dominant
microzooplankton taxa in the Chesapeake Bay, i.e. rotifers,
tintinnine ciliates, and oligotrichine ciliates. The rotifer
employed, Synchaeta sp., had a mean length (205 µm) just slightly
greater than its width in the preserved state. Morphologically this
species was very similar to ~. baltica though approximately half its
size. The tintinnine ciliate studied was Eutintinnus angustatus
which has a hyaline lorica with length and oral diameter of 205 and
60 µm, respectively. The oligotrichine ciliate Strombidium sp. was
also studied. This ciliate was rather rounded with a mean length and
width of 46 and 43 µm, respectively, and the length of its preoral
groove was 60% of its total length.
Sediment Preparation
Sediments were collected from farmland north of Harwood, Maryland.
Sediments were ground with mortar and pestle until fine, mixed with
Patuxent River water, and allowed to settle for 9 minutes; the upper
two thirds was subsequently decanted through a series of screens
(505, 202 and 153 µm mesh nytex nylon). The resulting slurry was
mixed with unfiltered river water to obtain the desired final
sediment concentrations.
Experimental Protocol
The dual labeling method of Lessard and Swift (1985) was used with
minor modifications. Initially, only 14c was used but subsequent
studies used dual isotopes as discussed above. Lessard and Swift's
method involves: (1) gentle concentration of the microzooplankton
with a fine mesh net which should concentrate the microzooplankton
without affecting the available food concentration; (2) addition of
label to the concentrate; (3) incubation (4 h); and (4) isolation of
the organisms from the radioactive milieu by rinsing then
micropipetting individuals into scintillation vials for subsequent
estimation of activities.

81

Adapting this method, originally used in oligotrophic waters, to the
relatively eutrophic Chesapeake Bay required some modifications. In
preliminary experiments, it was found that the concentration step (1)
not only concentrated microzooplankton but the larger algae as well.
The carbon fixation of the concentrate was two fold higher than the
rate in unconcentrated water. To eliminate this problem net
concentrated microzooplankton were micropipetted through at least one
wash in unfiltered river water and then into the experimental vessels
(SS ml test tubes) containing unfiltered river water. The tubes were
spiked with isotope, mixed and placed in a water cooled incubator
equipped with flourescent lighting. Following incubation, individual
animals were micropipetted through a series of filtered seawater
washes. An analysis of the radioactivity remaining in water from
each of six rinses of the organisms following an experiment suggested
that 6 rinses were necessary to remove residual non-fixed label. In
addition, a time-zero control was introduced to control for surface
attachment of the label and feeding during the rinse period. The
controls were set up in an identical manner to the experimental
tubes; however, after the addition of label the tubes were
immediately sacrificed.
RESULTS
The relationship between sediment concentration and clearance rate
for Synchaeta sp. was determined in a set of experiments conducted on
February 5, 1986 (4.4 °c, 12.7 °/oo). Though the clearance rates
were relatively low, a significant increase in grazing rate was found
at moderate sediment concentrations (38 mg/l) relative to ambient
(Figure 1). Clearance rates at 120 and 136 mg/l were not
significantly different from ambient while clearance rate at: the
highest sediment concentration was significantly lower than at any
other sediment concentration.
Concurrent with this experiment, an incorporation experiment was
conducted in which the rotifers, after having fed on labeled food
for eight hours, were placed in unlabeled food and the loss of label
monitored approximately every 2 hours for 10 hours. The results
indicated a consistent 5% loss rate per hour.
In a later experiment (July 23, 1986, 29.0 °c, 12.8 °/oo), the dual
label method was used to compare the response of clearance rate on
phytoplankton and bacteria to increasing suspended sediment
concentrations. A tintinnine ciliate Eutintinnus angustatu.s was the
test organism in these experiments. Clearance rates on both
phytoplankton and bacteria were stimulated at moderate sediment
concentrations and decreased at the highest levels (Figure 2).
However, the peak in grazing rate on phytoplankton occurred at
74 mg/l suspended sediment and the highest sediment concentration
resulted in a clearance rate significantly less than that at the
ambient sediment concentration; in contrast, the clearance rates on
bacteria peaked at 99 mg/l and the rate at the highest sediment
level was significantly greater than the rate at the ambient
suspended sediment level. This may be due to the ingestion of
bacteria adhered to sediment particles.
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Figure 1.

Relationship between suspended sediment concentration and
clearance rates of phytoplankton by the rotifer Synchaeta
sp. In the Duncan's test, a break in the underline
denotes a significant difference.
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significant difference.
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A similar study was conducted for Strombidium sp., an oligotrichine
ciliate (August 6, 1986, 29.6 °c, 11.8 o/oo). Clearance rates on
bacteria followed a similar pattern to that demonstrated by E.
angustatus feeding on bacteria with highest clearance rates at about
100 mg/l suspended sediment (Figure 3). However, clearance rates on
phytoplankton showed a divergent pattern with rates increasing
sharply between 62 (ambient) and 81 mg/l, similar rates between 81
and 127 mg/l, and a dramatic increase at 230 mg/l. In addition,
behavioral changes were noted with increasing sediment concentration. At the highest level of suspended sediment, this species
showed errant swimming behavior: continuous rapid jumping and
twirling was obvious at the highest turbidity levels.
DISCUSSION
The stimulation of microzooplankton clearance rates at moderate
levels of suspended sediment and the depression of these rates at
higher levels has also been observed for other zooplankters including
the copepod Acartia tonsa (Sellner et al. 1987 a,b). Suspended
sediment levels observed in Chesapeake Bay and its tributaries,
therefore, might prove beneficial to particle (and energy) intake in
small protozoa, perhaps favoring enhanced growth and reproduction.
However, previously reported data in studies of sediments and
planktonic crustaceans do not support one consistent pattern with all
taxa. In some studies, even moderate levels of suspended sediment
resulted in decreased reproduction and growth of mesozooplankton
(Arruda et al. 1983; McCabe and O'Brien 1983); however, this pattern
is not always observed as Sellner et al. (1987a,b) saw no decrease in
growth or reproduction until very high suspended sediment
concentrations were employed.
The clearance rates observed in the present study are similar to
rates previously repo~ted. For rotifers feeding on phytoplankton,
clearance rate can vary over two orders of magnitude (Starkweather
and Gilbert 1977) depending on food concentration, high levels of
food resulting in a low clearance rate. The rates we obtained for
phytoplankton (0.05-0.13 µl/h/ind) are characteristic of high food
concentrations and low temperatures (Bogdan and Gilbert 1982;
Gilbert and Bogdan 1984). During the grazing experiments with
Synchaeta, chlorophyll-a concentrations were relatively high (24.4
µg/l) and temperature low (4.4 °c), consistent with the relatively
low grazing rates observed.
When feeding on phytoplankton or bacteria clearance rates for the
tintinnine ciliate~. angustatus (0.84-1.9 and 0.09-0.34 µl/h/ind,
respectively) compared well with published values (phytoplankton Spittler 1973, 0.5-8.5; Heinbokel 1978a,b, 0.5- 9.0; Capriulo and
Carpenter 1980, 1-85; Capriulo 1982, 2-65; Lessard and Swift 1985,
0-32; bacteria - Hollibaugh et al. 1980, 0.042; Lessard and Swift
1985, 0-11 µl/h/ind. Heinbokel (1978a) found that high food
densities resulted in lowered clearance rates (e.g. from 5 to
1 µl/h/ind when offered low and high food densities, respectively).
Chlorophyll-a concentrations during the ~. angustatus study were high
(25 µg/l) and thus clearance rates on the lower side of these ranges
would be expected.
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significant difference.
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Strombidium sp. exhibited clearance rates on phytoplankton (1.6- 2.2
µljh/ind) that are within the range of reported values for other
oligotrichine ciliates (Rassoulzadegan 1982, 2.3-8.9; Scott 1985,
0.083-1.5; Lessard and Swift 1985, 0-213 µljh/ind). The rates on
bacteria (0.24-0.63 µl/h/ind) are generally lower than those
reported (Lessard and Swift 1985, 0-7.6; Rivier et al. 1985, 0.6-73
µl/h/ind) but are within the values reported for tintinnine ciliates
(see above).
The decreased clearance rates at high sediment concentrations for
Synchaeta and &. angustatus could be the result of impaired feeding
or due to a behavioral response (i.e. decreased feeding) in the
presence of elevated levels of suspended sediment. The later
possibility may be an adaptation to survive short periods of high
turbidity. The reason for the opposite response found at high
sediment concentrations for clearance rates on phytoplankton and
bacteria by Strombidium is unknown. One possible explanation might
be that the erratic behavior of this species observed at the highest
sediment concentration might have been associated with rejection of
sediment particles and capture of phytoplankton cells. Though the
movements appeared energetically expensive, this behavior may be an
alternative mechanism for surviving in high suspended sediment
concentrations for short periods of time.
One of the assumptions made in estimating clearance rates from these
types of experiments is that significant elimination of label
(excretion, defecation, respiration) does not occur during the time
course of the experiment. This assumption may be violated when using
the 4 h incubation time. Little information exists to determine how
long all of the label might remain within the various taxa of
microzooplankton. However, the results of the incorporation study
with Synchaeta suggest that the label has already obtained a constant
rate of elimination by two hours. As the duration of all experiments
was greater than or equal to 4 hours, it is suggested that measured
clearance rates may be better interpreted as assimilation or
incorporation rates. However, the incubation period does not alter
the effects of suspended sediments on relative clearing rates on
bacteria and phytoplankton.
Future studies are anticipated to determine the effects of suspended
sediments on growth and reproduction of microzooplankton. The
question remains as to whether or not stimulation in clearance rate
at moderate suspended sediment concentrations will result in
increased growth (representing increased ingestion of nutritious
particles along with sediments), decreased growth (the harmful
effects of ingesting large quantities of inorganic particles
outweighing any beneficial effect of ingesting more prey), or
equivalent growth (clearance rates are increased to counterbalance
the decreased ingestion of nutritious particles due to interference
in feeding caused by the suspended sediments). If deleterious longterm effects are observed, then the increases in sediment loads to
the Chesapeake Bay and its tributaries could interfere with the
transfer of carbon to higher trophic levels directly through
reducing assimilation and therefore reproduction in zooplankton or
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indirectly by altering the species composition of the plankton. If
less phytoplankton are grazed, more would remain to settle to bottom
waters for subsequent decomposition and oxygen demand in bottom
waters.
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Temporal and Spatial Variations in Zooplankton
of the Mesohaline Portion of Chesapeake Bay
Michael R. Roman, Jacques R. White,
and Anne L. Gauzens
University of Maryland
Hom Point Environmental Laboratories
P. 0. Box 775
Cambridge, Maryland 21613

As part of the NOAA-Sea Grant Program on Anoxia in Chesapeake Bay, we
conducted measurements of the short-term (tidal, diel, < 10-day) variability
in the distribution of zooplankton (> 64 um) in the mesohaline portion of
Chesapeake Bay during May and August 1986 and 1987. Hydrographic and
biological parameters were measured along with the vertical distribution of
zooplankton at both 30 h anchor stations in the mid-Bay channel and along a 5station transect across the Bay. During both years, there was a 2-5 fold
increase in zooplankton biomass between May and August. There was an order of
magnitude increase in the abundance of nauplii in the surface waters between
May (x = 10/L) and August (x = 100/L) . Considerable short-term variability
occurred during both months. Zooplankton samples collected in mid-Bay every
1.5 h for 30 h varied by a factor of 5 in May and 10 in August. In general,
we found that significant diel vertical migration occurred in August but not
in May. Transect stations across the Bay showed that in general: there were
more zooplankton present in the middle of the Bay than on the flanks, and that
there were greater concentrations of zooplankton on the western side of the
Bay as compared to the eastern side of the Bay.· Short-term variability in the
cross-Bay distribution of zooplankton can occur as a result of pycnocline
"tilting" in response to wind events.
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Simulating the Vertical Motion of Nekton in the Estuarine
Environment - Scientific Considerations and Speculations
Charles Bostater and Robert Biggs
University of Delaware
College of Marine Studies
Newark, Delaware 19716

ABSTRACT
The vertical
and horizontal
distributions,
and resulting
patterns of living particles (plankton
and nekton) are
modulated bv biological and phvsical characteristics within
the estuarv.
The
transition
reach
in estuaries is the
location where spawning of anadromous species occurs. This
compartment within
the estuary
is also
the location where
wind, river flow, the upper estuarine salinitv regime, and
tidally induced vertical mi~ing and advect1on interact with
radiative transfer processes,
in
the optical
and thermal
regions of electromagnetic energy spectrum, to provide an
environment for
nekton qrowth and development.
These
environmental processes are conceptualized as the stimuli
affecting the statistical characteristcs of nekton swimming
(speed and direction)
during
their early life stages.
Particular
processes are also
related
to
providing the
environment for
sustaining food sources for the nekton.
He
discuss the formulation and demonstration of
an approach to
describe
the vertical motion of nekton in estuaries with
reference to the Upper
Chesapeake Bay.
Specifically, a
simulation model with determin1st1c and stochastic
components is applied with reference to Merone saxatilis
eggs and l3rvae.
Typical model output and an approach for
sensitivity analysis are presented which provide ins1qht
into selected environmental processes and swimming
character1sitcs which may be related to larval retention
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and recruitment.
Preliminary
results
suggest
that
statements concerning "active versus passive transport" of
living particles can be refined to "horizontally passive and
vertically active"
in particular marine environments. This
conceptual refinement can be assessed within
the marine
environment by examining a dimensionless number we call Pm
Ca particle number), which is obtained from scaling and
dimensional considerations using a form of the backwards
diffusion equation and conservation of probability,
The
research methods used in this work may provide insight into
processes that should be monitored and considered in the
de 11 el o pm en t o f
l i v i n 9 r es o u r c es. man a gem en t s t r a t e g i es 1_,,1 h i ch
attempt
to protect
the spawning habitat for anadromous
species within subestuaries of Chesapeake Bay.
INTRODUCTION
The management
of estuarine living resources requires
knowledge of
their relative abundance and distributions.
The population dynamics of other species which support and
interact with the target estuarine species must also be
understood in at least a conceptual manner to discern their
role as predator or prey.
The habitat and environmental quality that directly impact
the early life stage success and recruitment of the living
resources also needs to be understood.
An
important
indicator of habitat quality in estuaries is the underwater
light field (ULF).
The changes in
the underwater light
field
and
factors
affecting it
is sometimes termed
"subsurface light climatology". The characteristics of the
subsurface irradiant light field has been studied bu various
researchers CBurt 1953, Champ 1980, Clarke and Backus 1956
) , but there remains considerable uncertainty as to its role
as an
"environmental
stimulus"
which
nekton
(small
organisms exhibiting motility or swimming) respond to, and
use in their behavioral strateqy
to live,
especially in
turbid estuarine water.
How nekton may use specific
charateristics of the temporal and spatial variations in the
optical portion of
the electromagnetic spectrum may have
important
implications.
These
may
include aspects
concerning vertical motion, migration and patchiness. These
factors
may
ultimately
affect
their
horizontal
translocation
and/or
retention
within
estuaries
or
particular spawning or nursery habitats.
TECHNIQUE DEVELOPMENT
Scientific Considerations
In view of the above, the scientific approach taken is, by
necessity, interdisciplinary and involves the application of
numerical techniques.
The mathematical conceptualizations
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are
a
result
of bio-ecological knowledge,
estuarine
environmental processes,
applied
optics
and physical
oceanographic principles.
The techniques employed depend upon laboratory studies which
describe the swimming characteristics of nekton or "living
particles" in
terms of speed and direction statistics. The
techniques involve implementation of expertiments in a
laboratory setting as well as in the field, concerning the
settling characterisitcs (Sunby 1983) of the egg stage of
the living particles or nekton.
Qualitative information
collected by researchers and resource management agencies
assist in discerning vertical and horizontal distributions
of this class of particles.
At the same time one must
recognize the lack of precision
and accuracy of current field collections of distribution
and abundance data during the early life stages. Our current
technology prevent accurate descriptions because montioring
programs are not typically designed to
assess the relative
importance of space and time scales which affect early life
stage success or "natural mortality". To do so would be too
costly, therefore resort to research and numerical modeling
techniques is necessary.
Figure 1 indicates the spatial and temporal scales of
selected physical and biological processes in the estuarine
environment.
Qualitatively,
this shows the spatial and
temporal frequency upon which scientific and management data
should be considered for developing research and monitoring
strategies.
Currently, monitoring during "selected windows"
is conducted.
For example, no data except secchi disc is
collected on
a routine
basis concerning the ULF in
Chesapeake Bay by management agencies. This should be given
serious consideration by upper scientific and government
management officials since light energy
is a fundamental
physical quantitv used by the phytoplankton communit~ which
respire, decay and contribute to low dissolved oxygen.
In
addition, associated light attenuation is one, if not a key
parameter used in driving water quality simulations for
management purposes.
However, it does exhibit wavelength
dependence.
Research has demonstrated the importance of phytoplankton,
nekton density or primary particle concentrations upon the
attenuation of light
in
the marine envrionment.
These
concentrations are amplified or can decrease with migration
from prey Czooplankton), swimming, and specific growth rates
(Huntley, Marin and Escr1tor 1987).
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Figure 1.

Selected spatial and temporal scales of estuarine and marine processes.

Previous Similar Research
Previous researchers such as Kamykowski 1976 have examined
the relationships between small scale circulation processes
such as internal waves and the vertical motion of organisms.
Recent research has resulted in estimates (Kamykowski 1988)
concerning
swimming
characterisitcs
of dinoflagellate
swimming for possible coupling with particle transport
processes.
Other efforts have included the development of simplified
vertical migration mechanisms such as attempts to relate
larval distributions to circulation
in
the North Sea.
Bartsch 1988 reported on coupling a
three dimensional
circulation model of
the North Sea with particle tracing
tecnqniques.
In his effort, the vertical migration response
(an active transport mechanism) was shown to strongly affect
the predicted horizontal
translocation of herring larvae.
Without vertical migration,
the final
passive particle
locations did not effectively match the field collection
data.
Zooplankton research results presented at this conference
suggested vertical migration and possible interaction of
active vertical
transport with internal waves, crossbay
seiches and potential upwelling within the mainstem segments
of Chesapeake Bav.
Research at Virginia Institute of Marine
Science has addressed the vertical motion of oyster larvae
and their
interaction with frontal dynamics (A. Kuo 1988,
pers. comm.).
Pre•Jious efforts concerning striped bass
larvae in
the Potomac estuary have indicated they maintain
their early life stages in the complex estuarine transiton
reach (Setzler-Hamilton et. al. 1981).
Current Speculations
One hypothesis that may help to explain the maintenance of
larval densities in or just above the estuarine transition
reach (salinity 0-10 ppt)
is vertical migration.
One can
invoke the simplified basin equations (Knauss,
1978) and
estimate
a
dimensionless
scale which represents the
difference between the time it would take for a hypothetical
particle to move from the middle of the upper layer, to the
middle of the lower layer and vice versa,
under specified
salinity and freshwater inflow conditions. This scale and
its variability c3n be assesed for
different salinity and
freshwater
inflow regimes given sufficient field data and
by assuming a migration period. This dimensionless scale is
given by T'/T where T'= P-T, and it can be shown that:
T=P/[CQ/A)/(Q'/A')+l]
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(1 )

The primed terms denote mean lower layer values of crosssectional average fluxes C Q,
0')
derived from the basin
equations which make use of river inflow and layer average
salinities.
P is representative of a migration period and
A, A' are crossectional areas for the upper and lower layers
respectively.
These terms can be estimated from vertical
salinity
information
from
shipboard
measurements.
Adjustments in annual cycles of swimming behavior has been
demonstrated for
other fresh and brackish water f infish
(Eriksson 1984).
Using available field data for the extreme Upper Chesapeake
Bay, one notes the change in this scale during the high and
low flow years of 1984, 1985 respectively, as indicated in
Figure 3.
One can speculate that in order for organisms to
maintain a particular longitudinal position in an estuarine
reach and if migration was used as the behavioral mechanism,
this behavior may have to be rather
adaptable or the
organisms could be flushed into higher salinity waters that
may affect survival.
Alternatively,
higher freshwater
inflows
following
storm
events or higher flows are
associated with dramatic ch~nqes in
the underwater light
climatology as
indicated by changes in light attenuation.
The effect upon the ULF can be dramatic and can be asessed
quite readily from field data as well as from satellite
data, where the irradiance reflectance ratio is shown
to be
dependent upon light attenuation coefficients CDiToro 1978)
which vary with wavelength.
Figure 2 shows the changes in
the effective radiance from three wavelengths in the visible
portion of the light spectrum from the Landsat, Thematic
Mapper multispectral scanner for
the Upper Chesapeake Bay.
The color variations are related to changes in light
attenuation and
the estuarine processes of scattering and
absc•rption.
Swimming Characteristics
Vertical swimming speeds can be assessed from video image
processing techniques as depicted schematically in Figure 4.
Under laboratory
conditions,
s~imming
behavior
can be
statistically assessed and used
to derive
speed and
direction information. This framework is used for assessing
the vertical swimming response of nekton.
For example,
F i g u r e 5 i n d i c: a t es. t he ~J el" t i c: a 1 s1,..J i mm i n g o r
g e o t ax i ·~ o f
striped bass larvae shortly after they
hatch.
At a very
earl~» age
striped bas.s lar•.J.:ie s.wirrr verticallv, follo1;,1ed by
sinking and then then swimming vertically again.
As these
nektonic organisms grow, they increase their swimming speed
and directions. Their swimming speed distributions can be
assessed by using statistical distributions as shown in
Figure 6.
One
c:an
then
use Monte-Carlo stochastic
simulation techniques <Nelson 1982, Riplev 1987) to model a
particular taxis
to an environmental process.
We have
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Thematic

~tapper image representative of "effective" light attenuation in Unrer Chesaneake Bay.

TWO LAYER BOX MODEL (BASIN EQUATIONS)
VERTICAL MIGRATION CONSIDERATIONS

15

a

14
1.3

a

12
,......_
0

:;:;
0

L

Ill
II.I

11

to

c0

ID

9

"gj

c

8

.£"O

7

s

6

ID

a
a

'-"

'O
'O

::i

a

a

5

I-

a
a

4

+

3

+
+

+
2

2

a

.3

+

a

+

+

4

5

6

7

a

9

10

11

UPPER CHESAPEAKE BAY SURVEY NUMBER

1984

+

1985
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Example statistical distribution of swimming sneeds for 5 day old larvae.

chosen to
use stochastic approaches to model the swimming
process.
When
these numerical
techniques are used in
conjunction with analytical or numerical characteristics of
an estuarine physical environment (vertical flux or vertical
velocties),
one can estimate the
time rate of change of
abundance or
"vertical motion"
of
the nekton or living
particles.
NUMERICAL SIMULATIONS
Figure 7 indicates a simple example of the model output. As
indicated above, we couple time variable vertical swimming
speed
and
direction
characterisitcs
estimated
from
application of
stochastic
Monte-Carlo
techniques with
estimates of vertical water motion. These latter estimates
can be derived from a variety of methods in estuaries
(8ostater 1987).
Our
current understanding needs to be
dramatically improved in order to make better predictions as
well as
to improve scientific understanding concerning the
effects of
bottom topography
and channel character1ctics
(including bottom stress),
river
inflow, wind stress and
estuarine fronts upon vetical mass flux.
In any event,
existing
scientific
judgement
suqqests that
vertical
velocity scales are small
(depending upon
the transport
process and the averaging period used).
Typical estimates (Officer 1975, Dyer 1975, Pritchard 1953)
indicate velocity scales on the order of 0.1 near fronts to
0.0001 cm/sec
in open water environments.
Recent attempts
to measure
vertical
velocites
using acoustic doppler
profilers (8ostater, et. al. 1987) indicate the difficulties
involved, however this technique provides promise for future
studies of
the
interaction
of
small scale physical and
biological processes.
In fact, a very important scientific
question is:
to what degree does living particle patchiness
influence recent atempts
to measure small scale physical
processes that make use of
acoustic doppler techniques,
which are based upon acoustic particle backscatter ?
In any event, this estuarine process model starts with an
initial distribution of
particles.
In
this case the
particles represent
striped bass eggs and larvae with
specified parti~le ages.
The phvsical characteristics of
the estuarine compartment
includes
parameters such as
temperature,
salinitv,
river
inflow,
tur~ulent
eddy
coefficient and wind stress.
The simulation 5teps forward
in
time and the coupling of vertical swimming, settling
velocities (for the egg stage)
and
water
velocities are
used
to estimate
the vertical
particle motion.
In this
simulation example the results of two
runs are indicated.
First,
the upper
layer
particles (near the surface) are
repostioned from
their uniform horizontal starting positon
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NEKTON SIMuLATION MODEL

ENVIRONMENT: ESTUARY
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Figure 7. Example nekton simulation model output. Particles initially located at mid depth near 5 meters
move upwards or do~mwards within the estuarine compartment depending upon the migration pathway
specified. Lateral migration is also indicated as well as settling of eggs .

near 5 meters.
The active particles numerically move
Cswim) upwards in the water column due to a stimulus such
as
light.
Swimming can be initiated by defining the
"quantum st....iimming yield"
(Sq),
a dimensionles:. number we
define as a "threshold"
for the swimming response. This
ratio is the light level at a given depth to the light level
that stimulates a swimming response.
The ratio can be
estimated from knowledge of downwelling light above the
water surface and which is attenuated below the surface due
to light attenuation processes which are a function of
suspended sediment concentrations,
inorganic and organic
substances such as chlorophyll.
Figure 7 also
indicates the change in
the centroid of
particle location. Particles are relocated very close to the
bottom and to the right side of the estuarine compartment or
segment.
This response is again produced by defining a
migratory pathway.
We have also developed an algorithm
which simulates swarming,
simple schooling or "particle
aggregation". This figure also demonstrates the lateral
movement across the estuary which is produced by
the
horizontal
swimming
characteristics
which
can
be
conceptualized as larval or
juvenile .migration
towards
shallow water environments. The group of 8 particles in the
middle of
the figure demonstrate particles which only
settle. The model can simulate more
than one type of
species or particle type.
Sensitivity Analysis
We are currently exploring optional modes of running the
model processes to simulate particle motion
in estuarine
compartments or
segments.
We calculate a sensitivity
analysis parameter from:
(O'- o:.)/Os
S(O,P)=----------CP·'- Ps)/Ps

(2)

where S, the sensitivity scale, is a measure of the change
in vertical distribution of particles.
0' is the same
mea:ure for a particular model run and Os is the standard
output Cfrom a comparison run) of the same measure.
P' is a
parameter value for a specified model
run and Ps is the
value of P for the standard or comparison run.
This parameter
is helping us to explore various scaling and
dimensional analysis functions derived from basic partial
differential equations which can be used to estimate the
relat1•,Je impc•rt.3ne:e c•f .3d•.Ject1\Je .3nd diffu:.1•.1e processe:. in
e:.tuaries fc•r
pa:.si•. •e and acti•. ie particle dvnamics. The
current research has helped to derive a set of particle
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transport scales which indicate the conditions
that may
control
particle
motion.
These conditions include
parameters which describe advection and/or
turbulent eddy
motion, amplitude of the tidal current, tidal CM2) height,
topographic characteristics such as water depth, settling
and active transport stimulated by environmental processes.
Our results indicate a biophysical regime where nekton may
be considered as being horizontally passive and vertically
active when one scales a mathematical description of the
conservation of probability.
This regime is described by
Pm, a dimensionless number.

SUMMARY AND FUTURE RESEARCH
The role nekton (swimming organisms) play in maintaining and
sustaining economically
important finfish and shellfish
species cannot be over emphasized.
This class of biota
forms an
ecological organization
above the plankton.
Established procedures have previously been developed by
scientists for modeling various aspects of plankton in order
to support
the development of management strategies.
This
newly conceptualized area of process modeling and research
may help to provide a missing link
in
the refinement of
ecological models for practical use. This type of modeling
can help to assess questions concerning:
(a)
early life
stage distributions,
Cb)
larval retention mechanisms, (c)
the effect of living and non-living particles upon the
irradiance reflectance ratio, (d) transport of particles in
estuaries,
and Ce)
statistical
sampling protocols for
sampling the vertical distributions of living particles in
the water column. We have developed a method to couple
circulation models with ''active particles" and have shown
how laboratory testing procedures (taxis studies)
can begin
to be
implemented in
order
to
investigate estuarine
porcesses.
We believe practical implications from this
research will be utilized as 3 dimensional circulation
models of Chesapeake Bay are applied in order to enhance our
understanding of particle dynamic~ in estuaries.
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Abstract only

Effects of Natural Environmental Fluctuations on
Defense-related Oyster Hemocyte Activities
William S. Fisher and Marnita M. Chintala
University of Maryland
Hom Point Environmental Laboratories
P. 0. Box 775
Cambridge, Maryland 21613

Epizootic diseases caused by Haplosporidium nelsoni and Perkinsus
marinus have inflicted serious mortalities on Chesapeake Bay oysters
(Crassostrea virginica). Although present in the Virginia portion of
the Eay for thirty years, recent drought conditions have allowed the
agents to invade normally low salinity regions of t1aryland.
Blood cells, or hemocytes, are the primary line of internal defense for
oysters. To phagocytose and encapsulate parasites and disease agents,
hemocytes must be able to recognize foreignness, spread to an ameboid
shape, and locomote to the intruder. Hemocytes of oysters from
estuarine and oceanic habitats differed in their defense-related activities after acute, short-term, and annual changes in salinity and
temperature.
Monitoring and laboratory studies have detailed two major responses of
hemocytes to acute salinity change regardless of ambient salinity; 1)
tncreased salinity retards activities, and 2) decreased salinity has no
effect until 12 ppt or less. Acclimation to a new salinity can require
several hours or weeks, aepending on the activity measured. Hemocytes
from estuarine oysters in a low (1984) and a high (1985) salinity year
were retarded with acute increases in salinity. Yet, acute decreases
to 6 ppt retarde<l activity much more in 1985 than 1984, probably due to
the higher ambient salinity. Oyster hemocytes from the oceanic habitat,
with a consistent ambient salinity, respondea identically in both
years.
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All hemocytes were more active after an acute incrP.aSe in temperature,
except that estuarine oyster hemocytes showP.d a summertime hightemperature stress (retardation) which was amplified when the oysters
spawned in June. Oceanic oyster hemocyte activities were not retarded
until they spawned in July, even though temperature regimes at both
sites were nearly identical.
This indicated that spawning and/or high
temperature and low salinity conditions reduced defense-related activities of oyster hemocytes.
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Evidence for Loss of Suitable Benthic Habitats for Oysters
in Tributaries of the Chesapeake Bay
H. H. Seliger and J. A. Boggs

The Johns Hopkins University
McCollum Pratt Institute and Department of Biology
Baltimore, Maryland 21218

INTRODUCTION
During the 1980 and 1981 spawning and spat setting seasons of the oyster
Crassostrea virginica , a combined study of the physical hydrography, oyster larvae
distributions and phytoplankton distributions in the Choptank River system was made in
order to understand the general mechanism for the transport and retention of planktonic
oyster larvae in the tributary estuaries of the Chesapeake Bay (Seliger et.al., 1982). We
were fortunate in that these years corresponded with atypically high concentrations of
larvae and specific spat sets (spat per bushel of dredged oyster shell) in the seed bed areas
of the Choptank River and its tributaries, Broad Creek and the Tred Avon River. The concomitant measurements of biological, physical hydrographic and meteorological
parameters, combined with the focus upon quantification of the three dimensional
distributions of the larvae of a single species, C. virginica , in a specific river system were
essential to developing a description of the complex interplay of factors involved in the
success of this species in the estuary.
A relation between water circulation patterns and the delivery and retention of
meroplanktonic oyster larvae has been proposed and investigated by a number of authors
(J.Nelson 1911; Pritchard 1951;1952; Manning and Whaley 1954). The fact that high
concentrations of larvae and high spat set success were still possible in the river system,
although the latter had not been observed over the previous decade (see Table 1 of Seliger
et. al., 1982), suggested that oyster success in the system was much more sensitive to
physical and climatic forcing functions than in the past. Based on older charts and anecdotal
descriptions of the extents of oyster harvesting areas, there was an obvious and significant
reduction of the areal extents where commercial oyster harvesting was being carried out. It
appeared important to determine the relationship between high larval concentrations giving
rise to high specific spat sets on the one hand and the availability of suitable bottoms which
these successful planktonic stages could colonize and grow (ca 3 years) to mature adults. It
was conceivable that in addition to the effects of eutrophication, toxic chemicals and oyster
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Table 1.

Summary of oyster bar areas in 1980 and in 1912

Cbi:S1i:r Bb::i:r
Bar No.

km2 in 1980
0

Bar No.

km2 in 1912

1

2*

0.5

2

3

0

3

Total

0.5

1

0.81

Total

10

10

5%

Remaining

Broad Crs:s:k
21

2.74

2

0.1

20

2.07

3*

0.91

19

1.48

4

0.06

5

0.02

18

0.97

6*
7*

0.36
17

2.33

0.11

8

0.02

16

0.88

9*
10*

0.02

11

0.39

0.5

3

0.12

Total

2.91

Total

10.98

26% Remaining

Iri:d A:Y2D B.i:Yi:[
1*
2*

0.38

22

1.49

0.08

21

1.07

3

0.02

20

0.34

4

0.03
0.11

19
18

0.82

5
6

0.1

17

0.74

7

0.08

16

0.51

Total

0.8

0.6

5.57

14% Remaining

* Site of State subsidized cultch de osition

Table 1 Summary of the previously measured areas of oyster bars (1912), the present
(1980) shell areas, and the percent remaining, for the Chester R., Broad Creek and the
Tred Avon R.
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disease on the long term success of oyster harvests in the tributaries of the Chesapeake
Bay, the gradual silting over of significant areas of suitable hard bottoms for oysters had
resulted in an areal limitation of oyster production.
In the present paper we report a quantitative acoustical and SCUBA diver
examination of oyster bed areas in the Broad Creek and Tred Avon R. tributaries of the
Choptank R. in the central bay as well as in the Chester R. of the northern bay. We report
major siltation over previously described oyster beds and a correlation between strong
bathymetric gradients and the residual locations of exposed shell. Based upon this small
sampling it appears that elimination of oyster beds by sedimentation may be the major cause
of the decline of oyster populations in the Chesapeake Bay.

EXPERIMENT AL
The study areas of the Chester R. and the Choptank R. system are shown in Figure
la and lb respectively. The echo sounder was a Simrad EY-N operating at 70 kHz,
developed for measurement of fish concentrations by quantitation of swim bladder echoes.
It was calibrated for bottom sediment composition by comparison of recorder signals with
samples both dredged and collected by SCUBA diver. The transmitter produced a 0.6 ±
2% msec pulse of 75 Watts with a cone angle of 27°. The receiver gain control had fixed
steps of 3 ± 0.3 dB and an adjustable time-varied gain (TVG) which provided a linear
increase in gain as a function of time subsequent to the initiation of the transmission pulse.
The TVG had the effect of correcting for transmission losses and therefore of making echo
trace intensities from reflecting surfaces independent of depth. The option of using
"Dynaline" recording enables precise bottom discrimination by blocking strong echoes
momentarily after the return from the sea bottom; the profile appears as a shrup line on the
echogram followed by a white gap. A ceramic transducer, protected by a streamlined PVC
blister, was suspended from the ship on a V-fin depressor which transmitted the pulse
perpendicular to the bottom. The pitch and roll effects of a hull mounted system were
thereby minimized. A portable oscilloscope (Telequipment D 32) was used to check signal
levels and to avoid saturation f the output signals. The primary and echo pulses were
recorded on magnetic tape simultaneously (2 channels) during the soundings.
The bathymetries for the Chester R. and the Broad Creek-Tred Avon R. study
areas were determined from cross channel transects at 930m and 250m separations
respectively. Each transect was initiated and terminated at the 2m depth contour. The
transects were located by Loran C, Raydist coordinates (Radio Navigation System), radar
fixes and compass bearings, and agreed with NOAA navigational charts of the areas. The
ship speed and echo sounder chart speed were held constant throughout the transects and
were checked separately against measured courses. Each sounding was made at constant
gain and recorder settings.
During the transect anchor buoys were dropped overboard without stopping at 1meter depth increments determined from the chart recorder and marked on the chart by an
event recorder pen. Subsequent to the complete transect, bottom grab samples were taken
at each buoy location with Van Veen and Ponar type samplers, depending upon the
hardness of the bottom. The collected sediments were mixed and stored in labelled jars for
silt/sand analysis. The silt/sand compositions of the sediments were determined with a 63
µm mesh (Tyler No.230) sieve. Sand was arbitrarily defined as particles > 63 µm in any
2-dimensions (Wentworth 1922). A uniformly mixed portion (10--20 g) of each grab
sample was sieved until the distilled water used for washdown remained clear. The silt and
remaining sand were transferred to pre-weighed beakers, dried at 76° for 2-3 days, then reweighed. The horizontal scale for plotting bathymetry was calculated from the ship speed
and the recorder chart speed and converted to 1:40,000 horizontal scale for contour
plotting. Observations of locations of commercial oyster tongers were marked, as well as
locations of oyster dredge sampling.
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The areal determinations of the previously defined oyster bars and the present shell
beds were measured from the contour charts with a Graf/Pen, GP6-50, (Science
Accessories Corp.) digitizer. Bathymetry gradients were calculated from isobaths (depth,z)
by measuring the projected distances (r) normal to the isobaths, expressing the gradient as
(dz/dr) x 103.

RESULTS
Calibrations were carried out over an active oyster bar in the Chester R. (Buoy
Rock Bar) whose dimensions are shown in Figure 2a. S--->N and W--->E echogram
transects were made directly across the oyster bed (Figure 2b) and a S--->N echogram
transect just west of the oyster bed (Figure 2c). The water surface and the bottom depths
are indicated by the arrows labelled "Surface" and "Dynaline", respectively. From Figure
2b the echograms of hard sand and soft mud relative to oyster shell can be distinguished in
terms of the densities of their respective acoustic returns. Viable oyster beds can also be
identified by the distinctive light space in the secondary reflection, shown by the rectangles.
The echogram in Figure 2c shows the absence of shell bed. The gradations in densities of
acoustic returns were correlated with silt/sand or mud composition of sediments
determined by physical sampling and more precisely by SCUBA diver. In our small study
area which contained one of the two remaining commercially active oyster bars in the
Chester R., less than 0.5 km2 of oyster shell area, of an original 10 km2 remain (Yates
1912; Merritt 1977). The original extent of Buoy Rock Bar, 2.6 km2 has been reduced to
0.5 .km2. From acoustic assay and corroborated by SCUBA diver, Blunt Point Bar (SE of
Buoy Rock Bar) and Long Point Bar (SW of Buoy Rock Bar) have been completely silted
over. The maximum depth for the oyster bar appears to be correlated with the depth of the
bay pycnocline during summer (Seliger et.al., 1980; 1984), because of anoxia that
develops in waters below the pycnocline during summer.
Two W--->E cross channel echogram transects, SOOm apart, encompassing an
actively worked oyster bar (Great Bar) in Broad Creek are shown in Figure 3a and 3b,
illustrating from west to east: a) mixed silt/sand (thin primary and secondary traces); b)
soft mud (broad primary trace); c) mixed silt/sand; d) shell bed (white space, see rectangle);
broad tertiary trace); e) location of a commercial oyster tonger and f) hard sand (thin
secondary and tertiary traces) on the eastern shore.
The locations and extents of present exposed oyster shell bars in Broad Creek and
the Tred Avon R. are shown by the cross hatched areas in Figure 4a and 4b respectively.
The dotted lines represent the 6 foot (ca. 2m) and the 18 foot (ca 6m) depth contours.
Peripheral areas where sediment has partially encroached upon shell, i.e., Bed 1 of Figure
4a and Bed 7 of Figure 4b, are labelled "patchy". Areas of soft mud are usually at depths>
6m. In general the beds follow the 6 foot (2m) depth contour and, where they extend into
deeper water, are sharply delineated by the 18 foot (6qi) depth contour.
The present oyster shell locations (cross hatched) in the Broad Creek and the Tred
Avon R., together with the areas where the bathymetric gradient (Dz/Dr) x 103 (solid
black) are shown in Figure Sa and Sb respectively. In most instances these solid black
areas are contiguous with the locations of present oyster shell areas. The only saving
feature for the presently remaining area (18%) of Buoy Rock Bar is the very steep
bathymetric gradient at its southern end (not shown in the figures). The previous areas of
active oyster beds in these three tributaries measured by Yates (1912) are shown in Figure
6a, 6b and 6c. Table 1 summarizes the previous bars, the present areas in km2 and the
percent of shell area remaining. In the Chester R. and the Tred Avon R., oyster bed areas
have been reduced to 5% and 14% respectively, of their previous measured extents.
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DISCUSSION
It is obvious that biotic as well as abiotic factors influence the success of sessile
oyster populations and their planktonic and meroplanktonic life cycle stages. Only a small
portion of these factors has been addressed in the present paper. From the success of the
planktonic and settling stages in 1980 and 1981 it appears that water circulation patterns
and food sources for the larval stages were still adequate. The successful commercial reharvesting in the early 1980's of seed oysters "planted" in previous years on both Buoy
Rock Bar and Ferry Bar through the State-subsidized re-seeding program is inferential
evidence that, barring climatic extremes, there were still sufficient food sources for the
growth of adult oysters. It appears therefore that for each of the oyster bars investigated,
sedimentation (the covering over of previously viable oyster beds) has been the major
factor in the reduction of oyster harvests. Many formerly productive oyster bottoms along
the Atlantic coast of the United States have been destroyed by high sedimentation rates
(Galtsoff 1964). The filling of embayments with sediments is a general phenomenon
along the Texas coast and is particularly pronounced in Laguna Madre and near the
Colorado R. in Matagorda Bay, where approximately 24-28 km2 of oyster reefs are under
14 feet of mud (Norris 1953). In the York R. in the Chesapeake Bay faulty erosion control
practices,deforestation and population growth were identified SO years ago as increasing
erosion of soil from the watershed into the river (Brown et. al., 1939). In the upper
Chesapeake Bay aproximately 38000 m2 of shoreline ( 0.33 x 1()6 metric tons) are eroded
and enter the bay annually (Schubel 1968).
The data reported in this paper represent the application of a rapid profiling and
bottom composition analysis technique to identification and areal assay of oyster beds. Our
previous physical hydrographic and biological study of transport and retention of oyster
larvae (Seliger et.al. 1982) indicates that the planktonic life cycle stages of oysters have not
been affected as much as the sessile benthic stages. Silting over of upstream seed bed areas
and viable oyster beds along the shorelines may be the major factor in the loss of oyster
harvests in the Chesapeake Bay. The study has not been applied to examine conditions
outside of the mouths of the tributaries. However from the high larval concentrations and
high spat sets measured in the Choptank R. system in 1980 and 1981, and from the
absence of expected mature oyster harvests in the years following the high spat sets (1983,
1984), it appears that a limiting factor to oyster production in the tributaries of the
Chesapeake Bay has been the silting over of suitable hard bottoms.
It is apparent from Table 1 and comparisons of Figures 2a,4a and 4b with Figure 6
that there have been severe reductions in all three tributaries in exposed shell areas suitable
for the setting of spat. The pattern of sedimentation and consequent reduction of exposed
shell bed area is most obvious in the Tred Avon R. )Figure 4b), where the entire central
channel is now essentially soft mud. The present percentages of shell bed remaining are
actually higher than they would be in the absence of the Oyster Management Program of the
Maryland Department of the Environment. It has annually subsidized extensive deposition
of fossil oyster shell cultch in all three tributaries in order to assist commercial harvesters.
The association of the remaining shell areas with steep bathymetric gradients
(Figures Sa and Sb) is presumed to represent areas of highest tidal frictional turbulence and
therefore the areas least likely to be impacted by siltation. The locations of the steep
bathymetric gradients also represent areas where tidal shear fronts are observed. It follows
that the areas immediately contiguous to these steep bathymetric gradient areas (Figure S)
would represent ideal locations for the deposition of artificial and fossil cultch, in order to
increase the areas of oyster beds with minimum siltation effects. Since the major
streamflow and sediment runoff into the tributaries occurs during the spring freshets, it
would appear more efficient to deposit cultch material for new beds during early June, just
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prior to the oyster spawning season, in order to minimize siltation on these new surfaces
for spat settling.
In a companion paper in this volume (Seliger and Boggs, "Long Tenn Pattern of
Anoxia in the Chesapeake Bay"), we present an hypothesis that excess sedimentation in
spring runoff results in extremes of light limitation in the upper (Maryland) portion of the
bay. This inhibits photosynthesis and thus nutrient assimilation, permitting runoff
nutrients in the surface plume to be delivered to the southern (Virginia) portion, where
blooming occurs. A similar process occurs in each of the tributaries of the bay; excess
sediment results in a transfer of production to downstream regions. Concomitant with the
effects upon primary production in the water column this same sediment loading results in
the progressive deposition of sediment upon and the loss of upstream seed bed areas for
oysters and the shallow areas outside of the mouths of the tributaries. These areas are
specifically the regions of the tributaries which are not subject to transient incursions of
anoxic bottom waters from the central bay during summer. In addition the salinities in the
upstream seed bed regions of the Maryland tributaries are low, minimizing the incursions
of high salinity-requiring oyster diseases. The loss of the upstream seed bed areas by
siltation removes from the system the resevoir of potential production, i.e., of larvae for
re-colonization subsequent to extremes of anoxic events or of disease. The loss by siltation
of the shallow oyster beds contiguous with the shorelines removes from the system the
mature oyster resevoir least impinged upon by anoxia of bay bottom waters. What remains
are oyster bed areas in the deeper waters, areas which are most sensitive to anoxic
incursions when, as in 1984, anoxia in bay bottom waters rose to a depth of 6 meters
(Seliger et. al., 1985). Under these conditions oyster populations are not replenished
sufficiently even following years when spawning and setting conditions are excellent.
Much of this sediment deposition is irreversible. Management procedures for optimizing
oyster spat settlement during good years can be inferred from the paper: a) implementation
of severe restrictions on further sedimentation; b) building up of cultch and artificial hard
bottoms in specific contiguous areas of steep bathymetric gradients; c)" deposition of both
cultch and seed oysters after the spring freshets, thus avoiding major siltation; d) utilization
of acoustic techniques for following the progress of oyster bed replenishment.
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Stabilized Coal Ash as Substratum for Larval Oyster Settlement:
A Pilot Field Study
Kent S. Price, Karolyn Mueller, Joel Rosenfeld,
and Thomas Warren
University of Delaware
College of Marine Studies
Lewes, Delaware 19958

INTRODUCTION
Chesapeake Bay is one of the primary oyster production areas in the
United States. In recent years oyster production has dropped
dramatically due to disease, poor water quality (eutrophication,
pollution), and a lack ~f suitable substrata for oyster spat set. This
study funded by Baltimore Gas & Electric Company and the Delaware
Research Partnership examines the feasibility of using stabilized coal
waste materials in the form of pucks as a suitable substratum for
oyster spat set and growth.

HETHODS
Stabilized coal-ash was constructed by the engineering firm of KBK,
Inc. of Atlanta, Georgia. Bottom and fly ash were supplied to KBK by
Baltimore Gas and Electric Company; the stabilized ash was shaped in
the form of 3-inch and 6-inch diameter discs approximately two inches
thick and allowed to cure. The substrata was then shipped to each of
two sites: 1. the College of Marine Studies, University of Delaware in
Lewes for placement in the Broadkill River, and 2. the eastern shore
of Maryland for placement in the Little Choptank River and Broad Creek,
prime oyster producing tributaries of the Chesapeake Bay. Stabilized
ash and oyster shell control substrata were placed at the Maryland
sites in early July, 1987; the Delaware portion was placed in holding
tanks to which hatchery reared oyster larvae were added. After oyster
settlement was ascertained, the Delaware substrata were placed in the
Broadkill River.
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The Chesapeake study was conducted at two sites in the eastern
Chesapeake Bay area, one in Broad Creek near Neavitt, Maryland, and
the other in the Little Choptank River near Madison, Maryland. Both
sites are known to be oyster spawning grounds and were recommended by
Dr. George Krantz, Maryland Department of Natural Resources in Oxford,
Maryland.
Two substrata were used at each site to study oyster spat set; 1) coal
ash/concrete 6 and 3 inch diameter pucks, and 2) oyster shell. Coal
ash/concrete pucks were made of a mixture of bottom ash, fly ash, and
cement in a ratio of 59:33:8. Oyster shell was dredged fossil oyster
shell provided by the Langenfelter Company which supplies the State of
Maryland shell for replenishing oyster setting areas.
At each site three plots were set up. Each plot contained nine squares
2 meters by 2 meters, and each plot was separated by the length of one
plot (Figure 1). Coal ash pucks and oyster shell were the treatment
variables in this replicated randomized block design, and each variable
appeared once in each block. The "natural bottom" squares were
included in the design to provide access to the "ash" and "shell"
squares and were not sampled.
The replicated randomized block design was used here to account for any
variability between blocks possibly due to currents, patchiness of
oyster larvae in the water column, bottom differences, etc. (thus our
one random blocking effect might be any of these unknown factors).
The same replicated randomized block design was used at both sites and
each square was coded for identification of sample origin. Plots of
both sites were measured and staked out before substrata planting.
Substrata were planted at the Broad Creek site on 7/2/87 and at the
Little Choptank site on 7/7/87.
Substrata were ferried to the sites in burlap sacks by the oyster boat
"Miss Molly" and transferred to two motor boats as needed for planting.
To avoid confusion one boat planted only oyster shell and the second
only pucks. Sacks of the substrata were opened and poured from the
boats evenly into designated squares and each square was raked with a
clam rake to ensure even substratum deposition.
Twelve sacks of oyster shell were deposited in each "shell" square, and
six sacks of 611 pucks and six sacks of 3" pucks were deposited in each
"puck" square. Sacks were chosen haphazardly for depositing, and the
order in which the squares were planted was also haphazard. Three
sample bags of each substratum (chosen haphazardly) were volumed to
determine the approximate amount of substratum deposited in each
square.
Four 10 cm x 10 cm asbestos plates were hung at each site as an
indicator of intensity of spat set.
Sampling of substrata began on 7/15/87
until 8/19/87 after which sampling was
sampling ended for the winter. One 6"
"puck" square and at least four shells
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and continued on a weekly basis
monthly until 11/16/87 when
puck was sampled from each
from each "shell" square.

Figure 1: Arrangement of the Latin Square design plots
at both sites on the Chesapeake Bay.
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Substratum from each square was placed in a coded Ziploc plastic bag,
sealed, and placed in ice in an ice chest and delivered to the College
of Marine Studies, University of Delaware, Lewes, Delaware for
analysis.
Each substratum was sampled haphazardly from its square by diving until
11/16/87 when sampling was done from the boat using clam rakes.
Sampling of the squares was according to the code of the sites (square
1.1 .1. sampled first, then 1 .1 .2., etc.). On each sampling date the
spat collectors were retrieved and stored in cool bay water and brought
to the lab for analysis and replaced by clean spat collectors until
9/15/87, the end of the spawning season.
Analysis of the samples consisted of examining both flat sides of the
puck (the rim surface was not included in the analysis) and both sides
of a shell under an American Optical stereo microscope at 14x to 84x
and noting oyster spat and measuring spat length from hinge to outer
lip to the closest millimeter. Beginning with the 9/15/87 samples
dead oyster spat were noted separately from live oyster spat. Length
and width of each shell substrate was measured to the nearest
millimeter and spat set per square centimeter was calculated. For
direct comparison spat set per square centimeter was also calculated
for "puck" surfaces and asbestos spat collectors. Density data {spat
per centimeter squared) was loaded into LOTUS worksheets and analyzed
statistically using STATGRAPHICS and MYSTAT on an IBM PC computer.
Oysters from both the Maryland eastern shore sites and the Delaware
site were harvested for metals analysis from the coal-ash pucks and
oyster shell controls, frozen at -70 C, freeze-dried for 48 hours and
ground to powder consistency. Samples were then prepared for analysis
via atomic absorption spectroscopy as follows: sample aliquots were
weighed out, pre-digested in 10 ml concentrated nitric acid at room
temperature for 24 hours, digested at 65 C for 4 hours and diluted to
50 ml with 1% nitric acid. Digests were then filtered through
quantitative ashless filters and analyzed for metal concentrations
using a Varian SpectrAA-20 atomic absorption spectrophotometer (flame
mode). Blanks were included in the digestion procedure; no standard
oyster reference material was available from the National Bureau of
Standards therefore no outside tissue standard was included in these
preliminary analyses. We are attempting to find a source of standard
tissue for future analyses. Where necessary, samples were
appropriately diluted to a measurable concentration.
Data Analysis
Two-way mixed model ANOVAs were computed for the Broad Creek data and
the Little Choptank data separately with "substratum" as the fixed
factor and "block" or "plot" as the random blocking factor (Sokal and
Rohlf, 1981). Least significant differences and residuals of the
means of the factors in the ANOVA were plotted. All statistical tests
were run at an alpha level of 0.05.
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RESULTS

Statistical comparisons of setting intensity on shell versus coal ash
show that shell is slightly but not overwhelmingly selected for setting
by oyster larvae. Although the setting density is about 2:1 in favor
of shell the results are not statistically different based on samples
collected during the summer and on November 16, 1987 (Table 1). Growth
and mortality are statistically equal on shell and coal ash based on
this and other samples taken during the growing season. By comparison,
growth was statistically greater on coal ash in two of three grow out
situations in the Delaware Broadkill River experiment. Mortalities
and setting densities were statistically indistinguishable on shell
and coal ash in the Delaware experiment (Table 2).
Live oyster abundance was quite low on shell and coal-ash substrata
retrieved from the Maryland sites. Tissue for metals analysis was
harvested and pooled in an attempt to obtain at least 0.1 g final dry
weight per sample. Three shell-grown and three coal-ash-grown oysters
samples were available from the Little Choptank, and only one shellgrown and one coal-ash-grown sample were available from the Broad
Creek site. The paucity of tissue was not apparent until shells and
pucks had been returned to the laboratory and individual oysters were
actually shucked. Many apparently "live" oysters were filled with
sediment; had this been known during the November collection period,
more substrata would have been collected.
Tissue availability from Broadkill River, Delaware oysters was
conversely, quite good. Both shell-grown and coal-ash-grown oysters
were readily abundant; tissue was harvested and pooled as above. A
total of eight shell-grown and eight coal-ash-grown samples have been
analyzed to date.
Broadkill River oysters
Analyses of the following metals have been completed: zinc, iron,
copper, and cadmium. Copper and iron concentrations were higher in
Broadkill River shell-grown oysters than in coal-ash-grown oysters
(Table 3). Non-parametric statistical analysis (Mann-Whitney U test,
= 0.05) found both metals to be present in significantly higher
concentrations in shell-grown oysters than in coal-ash-grown oysters.
Zinc, on the other hand, was present in significantly higher
concentrations in coal-ash-grown oysters than in shell-grown oysters.
Cadmium concentrations were not detectable using flame atomic
absorption methods and it is possible that the digestion procedure
employed allowed for the volatilization of cadmium from the samples;
quality control experiments are being conducted to ascertain if
volatilization does occur during the digestion procedure.
Little Choptank River and Broad Creek oysters
No statistical tests were employed to analyze these data due to the
small number of replicates. The range of concentrations of copper,
zinc, and iron in these oysters is presented in Table 3. The values
for zinc and iron concentrations seem to be quite different from the
concentrations determined for the Broadkill River oysters. These
differences are most probably due to a difference in water quality
and food supply at the Maryland sites.
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roo1e 2

Tal:lle 1

Broadklll Rlver, Delaware data sampled on Noveml:ler 18, 1987.
Shell Height data are mean ±..Standard Dev1atton tn m1111meters.
* denotes significant difference from shell p <_ .001
<n ln parentheses>.

Chesapeake Bay data sampled on Nov. 16. 1987.
Shell Height data are mean ±.Standard Devtatlon in
mlllimeters. *denotes significant difference from
shell p < .05 <n tn parentheses>.

SHELL
COAL

......
~

BROAD CREEK
22 .22 ±.. 7.19 (9)
16.33 ±.. 7.45 (6)

LITTLE CHOPTANK
12.03 .±. 4.53 (35)
7.62 .±. 3.84 <13)

BENIHIC
_TANK_
HANG ING
SHELL 10.20 +.824 <112>
4.92 .±..173 <284) 17.31 _±,596 <177>
COAL 19.61 +.659 <175)* 9.84 .±..218 <178)* 14.28.±.343 (533)1*

Bay data sampled on Nov. 16. 1987 .
Setting Density (#Spat/Cm2>. and Percent Mortality
<Numl:ler of dead oysters/total numl:ler set> X 100.
Ch~sapeake

SetUag Demiltv
Broad creek
Shell = •0122
Coal = .0075
L1 tt le Choptank Shell ·' .0626
Coal = .0317

eerceot Mortclltv
Shell = 59.4
coal = 77.6
Shell = 64.4
coal = 84.7

Broadklll River, Delaware data sampled on Noveml:ler 18, 1987.
Setting Density (#Spat/Cm2), and Percent Mortality <Numoer
of dead oysters/total numl:ler set> x 100.

Bemnic
TanK
Hanging

Settlag
She1J =
Coal =
Shell =
Cool =
Shell =
Coal =

Densltv
.218
.134
1.10
.079
.224
.235

eerceot
Shell =
Coal =
Shell =
Coal =
Shell =
Coal =

Mortclltv
51.5
42.5
28.5
6.32
2.2
5.7

Table 3. Metal concentrations ln tissue of oysters (Crossostreo vlralnlcg)
grown on stabilized coal-ash and oyster shell substrata. Analyses were
performed using atomic absorption spectroscopy, flame mode. Concentrations
are ug/g dry weight of tissue; Broad creek, Maryland values are ranges,
while BroaOklll River, Delaware are means ±one standard devlatlon.
ELEMENT
Zinc

Iron

Copper

SITE

TISSUE

CONCENTRATION

Broadkl 11 R.
<n=8/treatment)

shell-grown
coal-ash-grown

~

= 2437

~

= 2901

L. ChOPtank
and Broad Creel<
(n=4/treatment)

shell-grown
coal-ash-grown

875 to 1103
o to 945

Broaok 111 R.
<n=8/treatment)

shell-grown
coal-asn-grown

~

L. ChOPtanl<
and Brood creek
<n=4/treatment)

she 11-grown
cool-ash-grown

307 to 505
304 to 2058

Broadk 111 R.
<n=8/treotment)

snel 1-grown
cool-osn-grown

~

L. cnoptonk
and Brood Creek
en = 4/treotment)

shell-grown
cool-asn-grown

55 to 92
49 to 118

134

~

~

+
+

406
23;2

= 286 + 48
= 218 + 16

= 116 + 11
= 96 + 11

(Uq/g)

There are several metals yet to be determined in these samples; the
volatile elements (arsenic, selenium, and mercury) will require a
separate digestion procedure than the one currently used. Quality
control experiments are being conducted to determine the most
appropriate method for these elements. Also, several elements are
present in such low concentrations that the atomic absorption furnace
mode of detection will be required.
DISCUSSION
The setting, growth, and mortality data from the Chesapeake ad Delaware
studies indicate that stabilized coal ash is an acceptable alternative
substratum for oyster settlement and growth; these results concur
with preliminary laboratory oyster setting studies (Price, 1987).
Differences do exist; however, between the three sites chosen for
this pilot study. The Broadkill River, Lewes, Delaware is,
historically, a "good" area for growing oysters; there is a plentiful
supply of food for filter feeding bivalves and tidal flushing provides
a constant source of necessary nutrients. The suspended sediment in
the River has also been implicated in stimulating/enhancing feeding
in oysters (Ewart, 1985). The differences in oyster setting, growth,
and mortality between the two Chesapeake sites most probably are due
to water and food quality at each site. As corroborative evidence,
our calculated setting intensity on the shell and coal-ash substrata
at Broad Creek was similar to the setting intensity determined for
Broad Creek by researchers at the Horn Point Laboratory of the
University of Maryland.
Preliminary metals analyses provide evidence that there is a difference
in metals concentrations between coal-ash growth and shell-grown
oysters. Coal-ash is known to adsorb ions from water and may be
depleting the water in the immediate vicinity of a filtering oyster
(Andren et al., 1980); given that such a depletion may occur, there
is no evidence at present to determine that differences in tissue
metals concentrations results in deleterious effects in juvenile
oysters.
In conclusion, stabilized coal ash appears to be an acceptable
alternative cultch material for the oyster Crassostrea virginica.
The second year of this study will provide additional setting, growth,
and mortality data, and hopefully, additional oyster tissue for metals
accumulation analyses.
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The Sedimentary History of Submerged Macrophytes
in the Upper Chesapeake Bay
Grace S. Brush and William B. Hilgartner

The Johns Hopkins University
Department of Geography and Environmental Engineering
Baltimore, Maryland 21218

Seeds preserved in sediments show spatial and temporal distributions of
12 species of submerged macrophytes in 11 Upper Bay embayments and
tributaries. Three of the species are known only from the seed record. The
time spanned in the sediment cores includes a warm interval from 1000 to 1200
A.D., when temperatures are believed to approximate the mean annual
temperature from 1930 to 1960; a cool period estimated to be a degree C lower
than the 1930 to 1960 mean annual temperature extending from the 13th century
into the 18th century; and European occupation, beginning in the mid-17th
century and accompanied by extensive land clearance. For at least 1000 years,
the geographic gradients of species composition and diversity have remained
constant.
Seeds of Vallisneria americana are most common where salinities are
~1%, and seeds of Zannichellia palustris where salinities are >3%.
Species
diversity decreases latitudinally as sedge and cordgrass marshes become more
extensive, with no macrophytes present in those tributaries surrounded by
Cyperaceae and Spartina alterniflora.
Similarly, seeds are not found in the
Pocomoke River which is also surrounded by Taxodium distichum swamps.
In one
area representing the longest record, species diversity increased from a
community consisting only of Zannichellia palustris when water levels were low
to a community of 7 species, as water depth increased with rising sea level.
Significant increases and decreases in populations of individual species
occurred within the broad geographic gradients, with the majority of increases
occurring during an interval immediately after European settlement and the
most significant decline within the last two decades. The post-European
increase is interpreted as a response of the plants to increased nutrient
input with deforestation and agriculture. However, as turbidity increased
with erosion and sedimentation, increases in populations were erased and
sporadic declines culminated in the most recent near extinction of all species
in the majority of upper Bay tributaries.
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Alternative Sampling Strategies for a Survey of Submerged
Aquatic Vegetation in the Chesapeake Bay
Paul H. Geissler

U.S. Fish and Wildlife Service
Patuxent Wildlife Research Center
Laurel, Maryland 20708

ABSTRACT
Complete aerial censuses of Submerged Aquatic Vegetation (SAV) in the Chesapeake Bay
including digitizing and mapping SAY beds have been conducted in 1978, 1984, 1985, 1986,
and 1987. This approach provides the best information, but it is expensive. Digitizing and
mapping a fraction of the Bay each year provides a less expensive alternative for monitoring
SAY. Annual estimates of the total area of SA V in the Bay would be available from sampling
for evaluating Bay recovery. For example, a 20% sample of the Bay could estimate the total
SA V area for the whole Bay within ± 15% and a 50% sample within ± 2%. The SA V beds in
the entire Bay could be periodically digitized and mapped for reviewing wetland permit
applications and for following changes on specific areas.
BACKGROUND
SAV is important to Chesapeake Bay because it provides important habitat for many species,
enhances water clarity, binds sediments, and enhances nutrient cycling (Orth, et al. 1986?).
Complete aerial censuses in 1978, 1984, 1985, 1986, and 1987 have provided detailed
information but annual censuses are expensive (about $160K per year) and quality control of
the large amount of data is difficult. The total area of SAY beds and the area of four SAY
density classes are compiled for the Bay, for 3 zones (upper, middle, and lower bay), for 21
sections (e.g. watersheds) and for 164 U.S. Geological Survey quadrangles (135 with SAY for at
least one year). Complete SAY maps are also used to evaluate wetland permit applications and
to follow SA V changes for specific areas. Species composition is also estimated.
This paper will develop alternative sampling strategies for estimating total SA V area. Total
SAY area is the most important value and is widely believed to be an excellent indicator of
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water quality. I will discuss alternative survey designs, the definitions of sampling units and
the advantages of stratification, and show the relevance of each to an effective sampling
strategy. Confidence interval widths are projected for several sample sizes and alternative
stratifications. Statistical methods for designing and analyzing sample surveys of SA V are
presented and illustrated with a simple example.
ALTERNATIVE SURVEY DESIGNS
Sampling a portion of the Bay at a fraction of the cost of a complete mapping will allow
annual estimates of the total area of SA V and of changes in total area over time. Each year
digitizing, mapping, and reporting costs about $100K. This cost could be proportionally
reduced by sampling. Because aerial photographs are relatively inexpensive ($60K) compared
to the cost of digitizing and mapping SA V beds, the entire Bay could be photographed each
year. Then non-sampled areas in any given year could be digitized and mapped if the need
arose in the future. I will refer to a sample of part of the Bay as a survey and refer to a
complete coverage as a census. Three alternative sampling designs will be considered:
1. Complete annual censuses.
2. Annual sample surveys with rotating sampling units. Quarter quadrangles (for example)
are randomly divided into say five groups. One group is digitized and mapped each year on
a rotating basis so that the entire Bay will have been mapped at the end of five years. A
two year, three year or other rotation could also be used.
3. Annual sample surveys with fixed sampling units. A random sample of quarter
quadrangles (for example) is selected and the same quadrangles are digitized and mapped
each year.
Design 1 provides the best information but is the most expensive. Current SA V maps are
always available to evaluate wetland permit application and to follow small scale SA V
changes. The large amount of data makes quality control difficult. Designs 2 and 3 also
provide annual estimates of the total area of SA V for evaluating Bay recovery, but they are
less precise than the estimates from design 1. Designs 2 and 3 are equivalent for estimating the
annual total SA V area. They differ in the estimation of changes in the total SA V area
between two years. Design 2 is analogous to a unpaired t-test while design 3 is analogous to a
paired t-test. Design 3 is more precise than design 2 for estimating changes in total SA V area
between years. Design 2 has the advantage of providing a composite map for evaluating
wetland permit applications although different parts of the map would be digitized in different
years. Design 3 requires a periodic complete survey to provide maps. Estimated changes
would still be based on the fixed sampling units.
A ratio estimate should probably be used to analyze a SAV sample survey (designs 2 and 3)
because it exploits the correlation between the current sample survey and a previous complete
census to increase the precision of the estimates. The correlations among the annual SA V
areas for quadrangles ranged from 0.98 to 0.74, based on the 1978, 1984, 1985, and 1986
complete SA V area censuses.

SAMPLING UNITS AND STRATIFICATION
Sample surveys require a careful definition of sampling units and strata. Sampling units are
the plots on which the SA V areas are measured. Sampling units must not overlap and must
completely cover all areas of the Bay where SAV may occur. Sampling unit boundaries must
be unambiguous, identifiable, and unchanging from year to year. I have used quadrangles as
the sampling unit for this paper because data from previous surveys were not easily available
for smaller units.
Estimates can be reasonably made for the three zones using quadrangle sampling units but the
large size of quadrangles makes it impractical to estimate SA V areas for the 21 sections of the
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Bay. A minimum of two sampling units are needed in each of the 21 sections to estimate the
variance. This requires a minimum of 42 quadrangles {31% of the Bay) to obtain section
estimates. These estimates would not have the advantage of stratification on the SA V density
which would increase the precision of the estimates. Two SA V density strata would require 82
quadrangles (4 per section for 62% of the Bay). Quarter or ninth quadrangles may be better
sized sampling units. Even if section estimates are not required, quarter or ninth quadrangles
would provide more flexibility for stratification. Other sampling units are possible .
Stratification is the subdivision of the Bay into homogenous regions that are called strata. It
can dramatically increase the precision of the estimates with the same sample size or decrease
the cost of a survey by reducing the sample size. The precision of the SA V estimates for the
Bay or its subdivisions is estimated by comparing the SA V area of the sampling units in the
same stratum. Because differences among strata do not contribute to the sampling error,
grouping sampling units into homogenous strata can greatly increase the precision and decrease
the variance of the estimates. For example, the variance of 1, 2, 3, 11, 12, and 13 :is 31 with 5
degrees of freedom. Dividing the numbers into two strata, (1, 2, 3] and (11, 12, 13], reduces
the variance to 2 with the loss of 1 degree of freedom. The stratification could be based on the
area of SA V in each sampling unit as measured during a recent census. If accurate
measurements are not available for the sampling units, they can be assigned to stra.ta on the
basis of a visual estimate without biasing the estimates. This stratification reflects the current
distribution of SA V. Alternative stratifications based on area of water with the appropriate
depth or other criterion may better reflect the historic distribution of SA V and may better
reflect future SA V distribution.
The strata do not have to be equally sized or have the same number of samples. An optimal
allocation of samples to strata increases the precision of the whole Bay estimates. The number
of samples in a stratum should be proportional to the size of the stratum, proportional to the
standard deviation in the stratum, and inversely proportional to the square root of the cost to
measure the stratum. At least two sampling units must be selected from each strat.um in order
to estimate the variance, but the sampling rate in unimportant strata may be decreased by
increasing the size of those strata. Important areas can be designated as separate sl;rata and
completely sampled each year.
SURVEY ESTIMATES
Statistical methods for designing and analyzing sample surveys of SA V are presented in the
"survey estimates," "sample size," and "example" sections. These sections are intended as a
tutorial for those who may have to implement a sample survey and may be skipped by those
who wish an overview.
With a complete census (design 1) the total SAV area is directly measured. There is no
sampling error and consequently the variance and confidence interval widths are zero. The
following discussion relates to sample surveys {designs 2 and 3). The total SAV area for the
Bay or one of its subdivisions is the sum of the SAV area in each stratum (combination of zone
and SAV density strata)
A=:l::Ak=:l::Ntii.t
(1)
where A is the mean per unit estimate of the total SAV area for the Bay, Ak is the SAV area
in stratum k, N1: is the number of sampling units in stratum k (including those that were not
nk
measured), and ii.k = :L: akJnt is the mean SAV area for the nk measured sampling units in
i=l

stratum k. With design 2 (rotating sampling units), separate estimates are made each year
using (1) and compared independently by observing if their confidence intervals overlap. With
design 3 (fixed sampling units) annual estimates of the total SA V area are also madle
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independently using (1), but tests for changes in the total SAY area between two years uses the
differences in the SAY areas between the two years similar to a paired t-test. In this situation,
8.k in (1) is defined to be the mean difference in SAY area instead of the mean SAY area.
The variance of the total SAY estimate is the sum of the variances for each stratum
2

v(A)

=I: v(AA:) =I: N~ ( 1-~:) ~A:·

(2)

The estimate of the stratum variance for a total is N~ times the stratum variance of a mean
s2
Ilk(
)2
rfwhere s~ = (_L_l) I: aki-ak .
k
nk- i=l

Use the u n-l definition on a calculator to estimate

the sample standard deviation sk. The estimate also includes the finite population correction

( 1-~:)· A 95% confidence interval for A is A ± to.os,f ~ v(A), where to.os,f is the value from
a t-table for 5% significance level with f degrees of freedom,
f

=[L:v(Ac)]2 / L:v:~~~)·

(3)

If f is not an integer, use the next lowest integer.
A ratio estimate exploits the correlation between the current sample survey and a previous
complete census to increase the precision of the estimates. The total SAY area from an earlier
complete census A' is multiplied by the average change per sampling unit. That average
change is estimated by the ratio R of the mean SAY areas from the current sample survey ak
to the mean areas on the same sampling units for the earlier complete census aA,.
A =A' R =A' I: NA: ~,k
The variance of the ratio estimate is
L:N k a Jc
0

(4)

(5)

where sA, is the standard deviation of SAY areas for the earlier complete census using the same
sampling units as the current sample survey, and P1c is the correlation between the SAY area
on the current survey and on the earlier complete survey. More information on survey
estimates may be found in Steel and Torrie (1980), Snedecor and Cochran (1980), and Cochran
(1977).
SAMPLE SIZE

I have projected the precision of estimates for the total area of SAY in the Bay and in each
zone for several sample sizes and stratifications using data from the 1978, 1984, 1985, and 1986
censuses provided by the Annapolis Field Office, U.S. Fish and Wildlife Service. I have used
the mean per unit estimate instead of the ratio estimate for planning because the correlations
between an earlier complete survey and the current sample survey may decrease over time,
decreasing the precision of the ratio estimate. Four SAY density strata were arbitrarily defined
for the sample size projections presented in this paper using the mean SAY area in the
quadrangles for the four censuses (density 1: 0-9 ha/quad, 2: 10-99, 3: 100-499 and 4: 500 and
more). Density strata 3 and 4 were combined in zone 2 because density stratum 4 had only a
single quadrangle. Quadrangles for which SAY areas were not available for any of the four
surveys are excluded.
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The number of sample quadrangles in each zone and density stratum was determined using an
optimal allocation which minimizes the variance of the estimate given the total sample size n:

(6)
I have treated all quadrangles as if the cost to measure the area of SA V were the same. If
estimates of the cost to measure the SA V in a quadrangle are available (perhaps proportional
to the area of SA V) an alternate allocation formula is available. Say the total cost is
C = c + L: ck nk
(7)
where c = fixed cost, and ck= cost of measuring the SAV area in a quadrangle in st.ratum k.
0

0

Then

(C .) Nk
n1;

=

-c

sk I .[Ci

(8)

l:Nk Sk ..[Ci.

For planning estimates of SA V area, I estimated v( a 1,) separately for each survey year and
used the mean of the four estimates. The precision of estimates of the annual total SA V area
will be the same for designs 2 and 3. The variance for changes between two annual total SA V
estimates with design 2 (rotating sampling units) is twice the variance of an annual estimate.
For changes with design 3 (fixed sampling units), I formed the differences between successive
years (1978-1984, 1984-1985, and 1985-1986), estimated v(ak) separately for each difference,
and used the mean of the three estimates. Confidence interval widths are expressed as the
percentage of the estimate that must be added to and subtracted from the estimate
t 1~ v(A)

A

100 where t / is the tabular t value for f degrees of freedom (f

= number of

quadrangles minus the number of strata).
EXAMPLE
To illustrate the use of these equations, consider the following example with 5 quadrangles in
the first stratum and 6 in the second. The SA V area from one year is given in the column
headed "Complete Census." The SAV area for a sample of the quadrangles for the next year is
listed in the column headed "Sample Survey."
First Stratum
Second Stratum
Sample
No. of Complete
Sample
No. of Complete
Quad.
Census
Survey
Quad.
Survey
Census
9.72
223.91
11.60
10
37
36.57
97.90
15
7.70
10.10
33
164.37
18
0.00
346.69
36
12.89
132.99
16
14
439.96
369.54
27
0.52
0.00
9
586.96
295.21
34.59
26
1828.41
Mean•
7.23
5.98
367.88
216.42
Variance•
40
23
42177
21570
Correlation• 0.9958
0.8615
41
35701
Variance
• using only those sampling units that were measured in the sample survey.
Estimates for the sample survey are:
A 1 = 5 * 5.98 = 29.90
A 2 = 6 * 216.42= 1298.52 A = 29.90 + 1298.52 = 1328.42
v(Ai) = 5
f = ( 11

2

(

1-u

2l = 77

+ 64710 ) 2 /

[

v(A 2 )= 6 2

(

1-~)

f + lo J a

7

647

~ 0

21 7

= 64710

2

=

degrees of freedom.
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v(A) = 77

+ 64710 == 64787

95% confidence interval for A is 1328 ± 3.182 ~64787 = (518 - 2138)
The ratio estimate, using the total SAY area from the complete survey 34.59
1863, is
A = 1863 5*5·98 + 6*216 .4 2 = 1863 * 0.5921 = 1103
5*7.23 + 6*367.88

+ 1828.41 =

0

~-uJ(23 + 0.5921 '.40 - 2•0.5921'0.9958 .[23.[4o) +
62
[ ~-~)] ( 21570 + 0.5921,,42177 - 2•0.5921*0.8615~21570~42177) = 16760
52

v( A") {

95% confidence interval for A is 1103 ± 3.182 ~16760 = (691 - 1515) with 3 degrees of
freedom. In this example, the ratio estimate A• is much more precise than the mean per unit
estimate A because of the large correlations between the surveys.
0

With equal costs, the optimal sample size for the first stratum using a total sample of 7
quadrangles is n 1

5 ...f4~ = 0.03.
= 7 5 ffi
41 + 6 35701

There must be at least 2 samples in each

stratum to estimate a variance, so take n 1 =2 and n 2 = 7 - 2

=

5.

RESULTS AND DISCUSSION
Design 1, a complete census, provides the best estimates but is the most expensive. Because
the whole bay is digitized and mapped, there is no sampling error. Consequently, confidence
intervals have zero width. The annual total SAY area estimates have the same precision with
design 2 (sample survey with rotating sampling units) and design 3 (sample survey with fixed
sampling units). Designs 2 and 3 differ in the precision of the estimated change between two
annual estimates (Table 1).
An 18% sample of the quadrangles will provide estimates of the annual total SAY area with a
95% confidence interval width of ± 27.2% of the estimate with designs 2 and 3 (Table 1). Not
using SAY density strata greatly increases the width to± 66.0% with a 19% sample. The
width is decreased to± 15.1% with a 19% sample if zone estimates are not required.
Confidence intervals are quite wide for zone estimates (± 46.4%, ± 132%, and± 40.43 for an
18% sample with four SAY density strata).
A 48% sample of the quadrangles will provide estimates of the annual total SAY area with a
95% confidence interval width of± 2.0% of the estimate with designs 2 and 3 (Table 1).
Using two instead of four SAY density strata increases the width to± 4.6% with a 48%
sample. Not using SAY density strata greatly increases the width to ± 29.8% with a 49%
sample. There is little change in the width without zone estimates (± 2.2% with 49% sample)
because there are adequate samples in each zone. Confidence intervals are wider for zone
estimates (± 5.8%, ± 11.1 %, and± 1.4% for an 48% sample with four SAY density strata).
An 18% sample of the quadrangles will estimate changes between two annual total SAY areas
with a confidence interval width of± 38.5% of the annual estimate with design 2 (rotating
sampling units) and± 19.2% with design 3 (fixed sampling units). Design 3 is more precise
because changes on the same sampling units are followed over time, but a periodic complete
census is required to digitize and map all parts of the Bay. Not using SAY density strata
increases the widths to± 93.3% and± 35.8% (19% sample) with designs 2 and 3 respectively.
The widths are decreased to± 21.43 and± 16.03 (193 sample) if zone estimates are not
required.
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Table 1. Optimal allocation of sample quadrangles to upper (1), middle
(2), and lower (3) zones of the Bay and four SAV density strata.
Projected 95% confidence interval widths are expressed as the
percentage of the estimate that should be added to and subtracted from
the estimate. Confidence intervals widths are given for estimates of
annual total SAV area (same for designs 2 and 3) and for the change in
SAV area between two successive annual total SAV areas with designs 2
(rotating sampling units) and 3 (fixed sampling units).
Den. SAV Var. SAV
Zone str.mean mean total
5
1
96
1
50
1
2 35 2319 277
1
3 216 30014 1298
1
4 1108 672258 2216
2
3
1
26 111
2
782 261
2 29
2
3 292 54915 2041
52
3
3
1
29
3
2 41 1556 405
3
3 248 16345 3716
3
4 940 236342 7518
Bay total quadrangles
95% conf. int.±% (total)
95% conf. int. ± % (change
95% conf. int. ± 3 (change
Zone 1 total quadrangles
95% conf. int. ± % (total)
95% conf. int. ± % (change
95% conf. int. ± % (change
Zone 2 total quadrangles.
95% conf. int. ± % (total)
95% conf. int. ± % (change
95% conf. int. ± % (change
Zone 3 total quadrangles
95% conf. int. ± % (total)
95% conf. int. ± % (change
95% conf. int. ± % (change

Number of
Quads 16% 18% 24%
2
19 2
2
8 2
2
2
3
6 2
2
2
2 2
2
2
2
35 2
2
9 2
2
4
7 2
2
2
16 2
2
2
10 2
2
5
2
15 2
8 2
8
4
22
33
135
24
37.2 27.2 13.3
2) 56.2 38.5 18.8
3) 21.3 19.2 13.1
35 8
8
8
46.4 46.4 46.4
2) 65.6 65.6 65.6
3) 62.2 62.2 62.2
51 6
6
8
132 132 60.9
2)
187 187 86.1
3)
89 89 44.5
49 8 10 17
66.3 40.4 13.8
2) 93.8 57.1 19.5
3) 32.5 24.0 11.2
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Samgle Quadrangles
32% 40% 48% 59%
2
2
5
2
4
7
8
2
6
6
6
5
2
2
2
2
7
2
3
2
2
5
9
2
7
7
7
7
2
2
3
2
4
8 10
2
10 15 15 15
8
8
8
8
44 54 65 80
6.5 3.4 2.0 1.0
9.2 4.8 2.8 1.4
6.7 3.8 2.6 1.4
11 14 17 21
19.2 9.4 5.8 2.7
27.2 13.3 8.2 3.8
23.2 10.5 6.9 3.6
11
15 23
11
18.9 18.9 11.1 5.2
26.7 26.7 15.7 7.4
21.9 21.9 13.9 7.3
22 29 33 36
7.8 2.9 1.4 0.8
11.0 4 .1 2.0 1.1
6.9 3 .1 1.8 1.2

69%
9
8
6

2
13
9

7
6
10
15
8
93
0.6
0.8
0.8
25
1. 7
2.4
2.3
29
3.3
4.7
4.7
39
0.4
0.6
0.8

Table I.

Continued.

Combined SAV density strata.
Den. SAV var. SAV
Number of Sample Quadrangles
Zone str.mean mean total Quads 9% 13% 213 30% 39% 48% 59% 70% 79%
1 12 15 1035 411 27 2
2
2
2 5 9 14 19 23
1 34 439 291304 3514
8 2
3
6
8 8 8 8 8 8
365 452 44 2
2
2
2 5 9 14 18 22
2 12 10
2 34 292 54915 2041
7 2
2
2
3 7 7 7 7 7
2
2
2 5 9 14 19 23
3 12 22 1117 561 26 2
3 34 488 209085 11234 23 2
7 14 23 23 23 23 23 23
Totals
135 12 18 28 40 53 65 80 94 106
95% conf. int. ± % (total)
103.5 49.2 27.6 13.9 6.7 4.6 3.2 2.4 1.8
95% conf. int. ± % (change 2) 146.4 69.6 39.0 19.7 9.5 6.5 4.5 3.4 2.5
95% conf. int. ± % (change 3) 42.3 24.6 16.2 12.3 6.5 4.4 3.0 2.2 1.6
Without SAV density strata.
Den. SAV Var. SAV
Number of Sample Quadrangles
Zone str.mean mean total Quads 9% 19% 29% 39% 49% 59% 70% 79%
1
119 98059 4167 35 3
7 11 15 19 23 27 35
2
58 20732 2981 51 2
5
7 10 12 15 18 23
3
278 168239 13642 49 7 14 21 28 35 42 49 49
Totals
135 12 26 39 53 66 80 94 107
95% conf. int. ± % (total)
115.1 66.0 4~.2 37.8 29.8 23.0 16.6 11.0
95% conf. int. ± % (change 2) 162.8 93.3 69.6 53.5 42.1 32.5 23.5 15.6
95% conf. int. ±%(change 3) 63.6 35.8 27.8 21.8 18.2 15.2 12.4 9.2
Without zones.
Den. SAV Var. SAV
Zone str.mean mean total
1
4
40 278
2 35 1577 952
3 250 29156 7013
4 973 280806 9734
Totals
17978
95% conf. int. ±%(total)
95% conf. int. ± % (change
95% conf. int. ± % (change

Number of
Quads 11% 19% 303
70 2
2
2
27 2
2
5
28 5 12 23
10 6 10 10
135 15 26 40
30.6 15.l 7.8
2) 43.3 21.4 11.0
3) 28.2 16.0 8.6
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Sample Quadrangles
39% 49% 60% 703
4
8 16 29
11 20 27 27
28 28 28 28
10 10 10 10
53 66 81 94
3.6 2.2 1.0 0.6
5.1 3.1 1.4 0.8
4.2 2.6 1.4 1.0

79%
42
27
28
10
107
0.4
0.6
0.6

A 48% sample of the quadrangles will estimate changes between two annual total SA V areas
with a confidence interval width of± 2.8% of the annual estimate with design 2 (rotating
sampling units) and ± 2.6% with design 3 (fixed sampling units). Using two instead of four
SA V density strata increases the widths to± 6.5% and ± 4.4% for designs 2 and 3 respectively
(48% sample). Not using SAV density strata increases the widths to± 42.1% and;± 18.2%
(49% sample). The widths are about the same(± 3.1% and± 2.6% with a 19% sample) if
zone estimates are not required.
CONCLUSIONS

*
*
*
*
*

*

Sampling can substantially reduce the cost of SAV surveys for estimating annual total SA V
areas and changes in total SAV area between years.
Quadrangles are too large as sampling units to estimate SA V areas for sections of the Bay
and reduce the precision when zone estimates are required. Quarter or ninth quadrangles
appear to be better sized sampling units because they allow greater opportunity for
stratification and larger sample sizes.
Precision is greatly increased by stratification on SAV density.
Designs 2 and 3 provide equally precise estimates of the annual total SA V area.
Design 3 (fixed sampling units) provides more precise estimates of the change in total SA V
area between years than design 2 (rotating sampling units) but requires a periodic complete
census to provide maps for reviewing wetland permit applications and for following changes
on specific areas. Design 2 does not require a periodic complete census, but the composite
map contains parts mapped in different years.
A ratio estimate should probably be used to estimate total SA V area and changes in total
SAV area.
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The Status of Yell ow Perch Populations in Five
Chesapeake Bay Tributary Streams
H. Greening, A. Janicki, and P. Saunders
International Science & Technology, Inc.
11260 Roger Bacon Drive, Suite 201
Reston, Virginia 22090

Yellow perch commercial fishery landings have declined significantly in
many Chesapeake Bay tributaries since the early 1970's. The proposed partial
closings of the yellow perch commercial and recreational fishery by the
Maryland Department of Natural Resources reflect the concern by State
officials that yellow perch populations may be declining in many areas of the
Chesapeake Bay. Although commercial statistics and anectodal information from
recreational fishermen suggest declining yellow perch populations, a more
accurate assessment of yellow perch abundance is needed to determine the
status of this important anadromous fish species in Chesapeake Bay waters.
As part of a study to examine effects of the addition of calcium
carbonate on freshwater tributary stream chemistry and biota, yellow perch
spawning runs, ichthyoplankton abundances, and juvenile abundances were
examined in five Chesapeake Bay tributaries during 1986 and 1987. Results
indicate that the abundanc~s of spawning adults in four historically important
spawning streams near Annapolis are very low, with fewer than 50 spawning
individuals observed in Bacon Ridge Branch, North River, and Magothy Run, and
fewer than 200 spawning adults in Severn Run. The majority of the spawning
adults observed in these streams are large, relative old (6-8 year)
individuals nearing the end of their lifespan. In contrast, results from
Mattawoman Creek (a tributary to the Potomac River) show that the yellow perch
spawning run is relatively strong, with more than 10,000 individuals collected
during the 1987 spring run. The majority of spawning yellow perch in
Mattawoman Creek were estimated to be 2 to 5 years old, with few individuals
older than 6 years of age collected.
As expected from the results of the spawning survey, ichthyoplankton
abundances in Bacon Ridge Branch and North River were lower than in Mattawoman
Creek. Yellow perch larvae were present in ichthyoplankton collections for
these three streams throughout most of the 1987 study period (March through
June) . The occurence of yolk-sac larvae long after the observed spawning
period in Bacon Ridge Branch and North River suggest the possibility of
resident yellow perch populations in these streams.
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As with the spawning survey, greater numbers of juvenile yellow perch
were observed in the Mattawoman Creek estuary collections (126 individuals)
than in the other estuarine seine collections. No yellow perch W·ere collected
in the 1986 or 1987 South River, the 1986 Magothy River, or the 1986 Severn
River seine collections, and only 5 individuals were observed during the 1987
Severn River juvenile survey. Results of the 1986-1987 seining studies are
compared with results of seining surveys conducted at the same sampling
locations in the mid-1970's.
These results suggest much lower current yellow perch populations in the
Annapolis region study streams (Bacon Ridge Branch, North River, Magothy Run,
and Severn Run) than had been estimated in the 1960's and 1970's. In
addition, the current status of yellow perch populations may be different in
different streams or regions of the Chesapeake Bay.
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Bay Anchovy Ecology in Mid-Chesapeake Bay
T. A. Newberger and E. D. Houde
University of Maryland
Center for Environmental & Estuarine Studies
Chesapeake Biological Laboratory
Solomons, Maryland 20688-0038

E. J. Chesney
Louisiana University Marine Consortium
Star Route Box 541
Chauvin, Louisiana 70344
Bay anchovy Anchoa mitchilli is the most abundant and ubiquitous fish in
the Chesapeake Bay. It is believed to be a major link in pelagic food chains
through its role in converting planktonic biomass into available forage for
piscivorous fishes. Its population ecology, including abundance,
distribution, age, growth, reproduction, and trophic significance, is being
investigated in mid-Chesapeake Bay. A trawl sampling program was conducted on
a transect from inside the Patuxent River mouth to four kilometers offshore,
from March 1986 to November 1987. Mean among month Catch per Unit Effort
(CPUE) (numbers per 10 minutes of trawling) varied ten-fold in each year.
CPUE was highest in September when catches were dominated by 0+ recruits.
July to November CPUE was more than 5 times higher in 1986 than in 1987. Tenfold annual variability in abundances have been observed in the past 30 years,
based on Maryland Department of Natural Resources index surveys in Chesapeake
tributaries. Annuli in otoliths indicate that there are four age groups.
Maximum age is 3+ when anchovies reach 85 mm fork-length and 5 g wet-weight.
Most growth-in-length is completed by age l+, but large weight increases occur
in older fish. Size-at-age is variable and in part attributable to a
protracted spawning season and prolonged recruitment period .. Based on a
gonosomatic index, the reproductive season extends from May through August.
Apparently all mature females spawn each night between 9 p.m. and 1 a.m.
Batch fecundities range from 514 to 2,026 eggs and are directly related to
female weight. Spawned eggs were more abundant in 1987 on a transect off the
Choptank River than off the Rappahannock River, but larval anchovies were more
common on the Rappahannock transect, indicating a differential mortality
between the two areas. Eggs and larvae were relatively common below the
pycnocline on the Rappahannock transect but rare on the Choptank transect,
suggesting that low oxygen limits the depth distribution of anchovy eggs and
larvae. Future studies will include estimates of mortality rates of early
life stages and examination of trophic· relationships, energetics, and oxygen
tolerances of all life stages to understand better the role of bay anchovy in
pelagic, estuarine communities.
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Hatchability and Viability of Striped Bass Eggs:
Effects of Tributary Source and Female Size
E. D. Houde, C. E. Zastrow, and E. H. Saunders
University of Maryland
Center for Environmental & Estuarine Studies
Chesapeake Biological Laboratory
Solomons, Maryland 20688-0038

Variability in hatching success, survival of larvae to three days
posthatch (i.e. viability), and the quality of eggs and larvae we.re examined
in relation to spawning tributary in which females were captured, and size of
spawning female. Fertilized eggs from 26 females collected durin9 1986 in the
Nanticoke River, Patuxent River, and C&D Canal were tested. Most variables
that were examined differed significantly among female spawners but were not
related to spawning tributaries from which females originated. M•3an
hatchability of 30-36h post-fertilization eggs was 21% lower for spawns of ~
10 lb females than for spawns of > 10 lb females. Larval survival to 3 days
posthatch was essentially independent of the probability of hatching. Egg dry
weights, egg yolk and oil globule volumes, and weights per egg of protein and
lipid all varied by 1.5- to 3-fold among spawns from individual f•3males. The
smallest eggs and least amounts of constituents were from~ 10 lb females.
Eggs and 5-day posthatch larvae from S 10 lb females weighed, on .~verage, only
68% and 67% as much, respectively, as those from larger females. Results of
the analysis imply that young females from the most recently-matured yearclasses (i.e. 1981-82) did not produce eggs of high quality in 1996, compared
to those produced by older, larger females. The ultimate probability of
survival to recruitment of small larvae that hatched from eggs of small
females cannot be determined from our analysis, but size seemingly would
increase vulnerability to both starvation and predation-related mortality. It
is probable, although not certain, that 1981-82 year-class females will
produce larger eggs of higher quality when they grow to larger size.
Implications for striped bass management and hatchery production may be
important. Aside from low fecundity and egg yield, small females (i.e. < 10
lb) from Maryland tributaries produce relatively poor quality egg:s. Our data
quantify the relationships, document variability in egg constituents, and
allow estimation of hatchability and survival rates, as well as eqg
characteristics that will be useful in future hatchery applications. Because
hatching varies in relation to adult female size and age, results also can aid
development of age or size-specific egg production models for Chesapeake Bay
striped bass.
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Current Research to Improve the Understanding of Habitat Use,
Distribution, and Population Status of Canvasbacks
on the Chesapeake Bay
G. Michael Haramis and Dennis G. Jorde
U.S. Fish and Wildlife Service
Patuxent Wildlife Research Center
Laurel, Maryland 20708

Abstract: The U.S. Fish and Wildlife Service is currently conducting a
5-year research project to study canvasbacks using the Chesapeake Bay during
migration and winter.
The objectives of the study are to estimate daily
survival rate, identify causes of mortality, evaluate habitat use, determine
distribution and abundance of key aquatic foods, and estimate energy and
nutritional value of natural foods. Radio-telemetry is being used to evaluate
survival, movement patterns, and habitat use of juvenile female canvasbacks
wintering on the Chesapeake Bay. Aquatic food availability and distribution
will be determined using currently available data bases and field sampling of
nutritional aspects of the most important aquatic foods will be evaluated
during feeding and reproduction of captive canvasbacks at Patuxent Wildlife

Research Center.
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Patterns of Post Larval Availability and Settlement in the Blue Crab:
Effects of Time, Space, and Habitat
Eugene J. Olmi Ill, Jacques van Mont/rans,
Romuald N. Lipcius, and Robert J. Orth
Virginia Institute of Marine Science
The College of William and Mary
Gloucester Point, Virginia 23062

One focus of a long term program to elucidate blue crab (Callinectes
sapidus) recruitment dynamics in Chesapeake Bay is the resolution of post
larval availability and its relationship to settlement patterns in time and
space. Postlarvae and early juveniles were collected on three dates from
three habitats (plankton, artificial settlement substrates and submersed
vegetated bottom) within each of two sites at two geographic locations in the
York River. Relationships of postlarval and early juvenile abundance varied
among time, location and habitat. These complex patterns suggest the
importance of fine-scale processes in settlement dynamics.
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Regulatory Mechanisms of Postlarval Blue Crab Recruitment:
Settlement, Metamorphosis, and Developmental State
Romuald N. Lipcius, Eugene J. Olmi III,
and Jacques van ~ontfrans
Virginia Institute of Marine Science
The College of William and Mary
Gloucester Point, Virginia 23062

As part of a long-term program on blue crab, Callinectes sapidus,
recruitment dynamics in Chesapeake Bay, we quantified the developmental state
(molt stage: proximity to metamorphosis) of recruiting postlarvae in relation
to time, habitat and geographic location. Developmental state was assessed by
molt staging the uropods of freshly-collected postlarvae, and verifying the
staging procedure with laboratory cultures. Geographic locations included two
sites each at the mouth of the York River and 10 km upriver; habitats included
plankton, artificial settlement substrate, and submersed vegetated bottom.
Temporal sampling comprised daily and monthly variation. Various main and
interaction effects of time, habitat and geographic location were significant,
and yielded a complex model of the interrelationships between postlarval
developmental state, the scale and nature of spatio-temporal factors, and
regulatory mechanisms of recruitment in the blue crab.
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Variation in Postlarval Blue Crab Settlement on Artificial
Substrates in the York River, Virginia
Jacques van Montfrans and Robert J. Orth
Virginia Institute of Marine Science
The College of William and Mary
Gloucester Point, Virginia 23062

Annual and temporal variation in blue crab settlement on artificial
substrates was examined during the period of primary postlarval ingress into
the York River (Aug. - Dec.) over a three year period (1985-1987). Daily
records indicated 1-3 day settlement events correlated with lunar phase;
settlement was strongly associated with full moon and less so with new moon.
Significant differences existed in the magnitude of settlement between years.
Juvenile populations of blue crabs which settled or recruited into a seagrass
bed approximately 12 km nearer the mouth of the Yo~k River exhibited similar
annual variations in abundance. Settlement dynamics must be examined on
various scales ranging from days to years in order to understand the
regulation and patterns of recruitment in the blue crab.
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Radionuclide Concentrations in Susquehanna River and
Chesapeake Bay Sediments ·• Implications for Transport
and Distribution of Particle-Reactive Pollutants
R. I. McLean and S. L. Domotor
Maryland Department of Natural Resources
Power Plant Research Program
Tawes State Office Building, B-3
Annapolis, Maryland 21401

J. K. Summers and V. A. Dickens
V ersar, Inc.
ESM Operations
9200 Rumsey Road
Columbia, Maryland 21045

C. R. Olsen
Environmental Sciences Divison
Oak Ridge National Laboratory
P.O. Box X
Oak Ridge, Tennessee 37830

The Peach Bottom Atomic Power Station (PBAPS) has contributed measurable
quantities of radioactivity to the lower Susquehanna River and Chesapeake Bay. Since 1980, we have monitored, in spring and fall, concentrations of plant-related radionuclides in sediments. Mass balance
estimates derived from grab samples indicate that less than 20% of
particle-reactive radiozinc, radiocobalt, and radiocesium is present
in surface sediments ((10 cm) of the Conowingo Reservoir, an impoundment
of the lower Susquehanna. The remaining release inventory is assumed to
be transported to the Chesapeake Bay. Significant seasonal variations
in radionuclide trapping efficiency by the reservoir are not apparent.
Core samples confirm that some, but not all of this surface sediment
radionuclide inventory, remains within the reservoir -- trapped in discrete locations by subsequent sediment accumulation. The detection of
PBAPS-related radionuclides in sediments of the upper Chesapeake Bay
(above Baltimore, MD) confirms transport of these radionuclides from the
Susquehanna. Radionuclide concentrations in sediments were generally
undetectable south of the Sassafras River. This is attributed to dispersion of radionuclide-labeled particles, dilution by unlabeled
particles from other upper-bay tributaries, and possibly, desorption of
particle-bound radioactivity.
INTRODUCTION
The Susquehanna River is the principal source of fresh water and fluvial
sediments in the Upper Chesapeake Bay (Schubel 1972). Because many
pollutants, including trace metals, radionuclides and trace organics
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have a high affinity for association with particles suspended in the
water column, information regarding the transport and environmental
distribution of particulates is important in determining the fate of
Susquehanna-derived pollutants in the Upper Chesapeake Bay.
Since 1980, the Power Plant Research Program has conducted environmental
monitoring in the Susquehanna River and Upper Chesapeake Bay to assess
the radioecological impact of radioactivity released by the Peach Bottom
Atomic Power Plant. Located approximately 5 km north of the PennsylvaniaMaryland border, the plant has discharged low levels of radiocesium
(Cs-134 and Cs-137), radiozinc (Zn-65) and radiocohalt (Co-60) to the
river since initial operation in 1975. Low levels of these rad:lonuclides have consistently been detected in biota and sediments of the
lower Susquehanna and Upper Chesapeake Bay (McLean and Domotor L988).
Because these radionuclides are particle-reactive, they may be scavenged
by particulate matter suspended in the water column, ultimately to be
deposited on the river bottom, or transported downriver as particulates
or resuspended sediment. Because sediments serve as ultimate s:lnks for
these radioactive metals, we have extensively monitored radionuclide
concentrations in the sediments of the Conowingo Pond, the Susquehanna
Flats, and the Upper Chesapeake Bay. Results of this sediment rnonitoring program have provided information useful in describing the transport
and fate of other particle-reactive pollutants introduced into the
Susquehanna River.
METHODS
Surface sediments (<10 cm) were collected twice annually from 1981
through 1986 -- once in the spring (Apr/May) and once in the fall (Sep/
Oct) -- when Susquehanna River flow is at its maximum and minimum,
respectively. Collection sites in the Susquehanna River and Upper
Chesapeake Bay are shown in Figure 1. Sampling locations in the Conowingo Pond are shown in Figure 2. Radionuclide concentrations (pCi/kg)
in Conowingo Pond sediments were converted to mass units (curies) using
sample volumes and sediment densities. Radionuclide mass in the upper
10 cm of sediment was estimated for 22 areas (cells) within the Conowingo Pond sampling grid by extrapolation of each sample to the sediment
volume (to 10 cm) of the respective cell. Radionuclide inventories in
surface sediments of the Conowingo Pond are summations of the radionuclide masses within each cell. Deep cores (ca. 200 cm) were taken at
selected locations. Radionuclide mass balance budgets were esti.mated
using monthly radionuclide release quantities reported by the power
plant operator. This source term was adjusted for radioactive decay.
RESULTS AND DISCUSSION
As indicated in Figure 3 and Table 1, less than 12% of the decayadjusted Co-60, 21% of the Zn-65, and 8% of the Cs-134 released by
Peach Bottom was found on any sampling date within the upper 10 cm of
Conowingo Pond sediments. Significant differences in seasonal (spring/fall)
radionuclide inventory are not apparent (Table 1). This implies, that
approximately 80% of the particle-reactive radionuclides released to the
Susquehanna by Peach Bottom is either, or both: 1) transported in soluble or particulate-associated form beyond the Conowingo Dam, or
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Table 1 • Percentage of decay-adjusted radionuclide release quantities
present in surface ((10 cm) sediments of the Conowingo Pond, spring and
fall, 1981-1986.
RADIONUCLIDE
Co-60

Zn-65

Cs-134

Cs-137

1981
Spring
Fall

4.3
6.2

5.0
4.8

1.8
2.8

8.8
10.5

1982
Spring
Fall

8.5
6.0

14.0
12.0

2.5
2.5

9.0
7.7

1983
Spring
Fall

11.8
11. 1

20.0
18.0

2.6
7.8

9.5
10.3

1984
Spring
Fall

5 .1
3.5

16.5
11.0

1.6
1.5

6.4
6.5

1985
Spring
Fall

5 .1
8.8

5.0
20.0

2.9
5.1

6.3
6.7

1986
Spring
Fall

6.3
11.6

13.0
21.0

6.5
3.9

5.3
4.7

6.9
+/-2.8

12.3
+/-6.1

3.0
+/-1.8

7.6
+/-1.8

7.9
+/-3.2

14.5
+/-6.3

3.9
+/-2.3

7.7
+/-2.3

Mean,
+/- l S.E.
Spring
Fall
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remains trapped within the reservoir and is buried below the 10 cm sample depth by subsequent sediment accumulation. Our data suggest that,
with the exception of selected locations, appreciable burial of these
radionuclides within Conowingo Pond does not occur. Data presented in
figures 4 and 5 indicate that these radionuclides are consistently
available in sediments collected from the immediate downstream vicinity
of the Peach Bottom discharge on the western shore of the Conowingo
Pond. The two nearest sampling locations (LYH-1 and BC-1) account for
about 70% of the Conowingo Pond inventory. These figures present mean
percentages of the available radionuclide mass for each sampling cell
within the Conowingo Pond. The percentage of the total mass found
within each cell during each sampling period (not presented) indicates
that there is not a significant variation in percentage over time.
This fact argues against appreciable radionuclide burial, as subsequent
samplings would reflect higher percentages in later collections
assuming sediment accumulation does not exceed 10 cm in the 5-6 month
period between spring and fall samplings.
Because surf ace grabs indicated that LYH-1 and BC-1 were areas of greatest radionuclide concentration within the Conowingo Pond, deep core
samples were collected at these locations. Cores were also collected
from two other locations on the eastern shore downstream of the Peach
Bottom discharge (BC-3, CON CK-3). These locations were regarded as
representative of locations downstream of BC (i.e., CON CK and DAM
transects), given the general similarity in surface sediment inventories
at these locations (see Figures 4 and 5).
Table 2 compares, for the same collection period, estimates of the percentage of decay-adjusted radionuclides within cells, derived from surface grabs and deep cores. Core samples were sufficiently deep as to
account for all buried Peach Bottom-derived radioactivity (the deepest
penetration for Cs- 134 was about 60 cm). It is apparent that some burial of radionuclides occurs at the LYH-1 and BC-1 locations, but little
occurs at the other two sites. These data indicate that mass balance
estimates derived from surface grabs alone underestimate the percentage of radioactivity retained within Conowingo Pond. The underestimation appears, however, to apply only to the BC-1 and LYH-1 locations as
comparisons of deep core and surface estimates are not significantly
different at the other locations. Therefore on these sampling dates,
the buried increment at BC-1 and LYH-1 combined would result in an
increase in mass balance for Conowingo Pond of 16% for Co-60, 5% for
Cs-134, and 10% for Zn-65. Given the maximum percentages presented in
Table 1, adjusted mean mass balances for Conowingo Pond are 28% for
Co-60, 13% for Cs-134, and 31% for Zn-65. It was not possible to obtain
cores for all locations, however, we feel the data collected provide a
reasonable estimate of the degree of retention of these radionuclides
within Conowingo Pond.
Although there is no significant net difference between spring and fall
mass balances for the Conowingo Pond as a whole (Table 1), there appear
to be seasonal differences in the distribution of radioactivity among
sampling grid cells (Figures 4 and S). During both spring and fall,
western shore locations account for higher percentages of total available mass than mid-river or eastern shore locations. Collections made
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Table 2. Percentage of decay-adjusted radionuclide quantities at
selected sampling locations for deep core (ca. 200 cm) and surf ace grabs
( 10 cm).

Date

Location

Delta %
(CoreSurf ace)

15.10
3.88
8.41
13.23

3.06
0.80
0.91
3.34

12.04
3.08
7.50
9.89

C0-60
CS-134
CS-137
ZN-65

5.58
3.26
37.04
2.99

1.38
1.41
1.17
4.53

4.20
1.85
35.87
-1.54

0.15
0.51
13.85
0.21

0.34
0.56
0.61

3

C0-60
CS-134
CS-137
ZN-65

-0.19
-0.05
13.24
0.21

3
3
3
3

C0-60
CS-134
CS-137
ZN-65

0.01
0.03
4.84
0 .12

0.03
0.06
0.09

-0.02
-0.03
4.75
0.12

Nuclide

C0-60
CS-134
CS-137
ZN-65

MAY85
MAY85
MAY85
MAY85

LYH
LYH
LYH
LYH

1
1
1

OCT85
OCT85
OCT85
OCT85

BC
BC
BC
BC

1

OCT85
OCT85
OCT85
OCT85

BC
BC
BC
BC

3
3
3

OCT85
OCT85
OCT85
OCT85

CON
CON
CON
CON

l

1

1
1

CK
CK
CK
CK

% of
Available
(Core)

% of
Available
(Surface)

Station
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in the fall, however, exhibit a more equitable distribution of radionuclide mass throughout the reservoir. This suggests that the relatively
greater Susquehanna River flow during the spring may scour and remove
radionuclide-labeled sediments from channel and eastern shore stations
within the Conowingo Pond, and that during the fall, lower river flows
allow for greater cross-sectional migration of particulates and sediments within the reservoir.
There is little question that the Conowingo Pond serves as an efficient
trap and deposition area for particulates suspended in the Susquehanna
River. Radionuclide profiles in our core data indicate that average
sediment accumulation rates range from about 3 cm/yr to greater than 6
cm/yr at the sampled locations (McLean et al., unpublished). Gross et
al. (1978) have estimated that one-half to two-thirds of the particulate
load of the lower Susquehanna is trapped behind the Conowingo Dam and
two upriver dams (Holtwood and Safe Harbor). Olsen et al. (1981) have
also shown accumulation rates to be high based on radiocesium (Cs-137)
profiles in a Conowingo Pond sediment core. However, although Cs-137 (a
weapon test fallout product) was observed at great core depths ()80 cm),
PBAPS-derived Cs-134 was confined to the upper 10 cm. This information
supports our data, further suggesting that, although Conowingo Pond
serves as a sediment trap -- and does trap Peach Bottom radionuclides -there is a turnover within the reservoir of surface sediments. Our data
indicate that radionuclide-labeled particulates deposited in the reservoir -- with the exception of discrete areas in the downriver vicinity
of the PBAPS discharge -- are not appreciably buried by subsequent sediment accumulation. Instead, they are continuously or periodically
eroded, resuspended, and transported beyond the Conowingo Dam. The
concurrent dilution and replacement of PBAPS-labeled sediments by particulates transported from upriver sources reasonably accounts for the
relatively high rates of sediment accumulation observed by us and others
in Conowingo Pond.
Radionuclides discharged by Peach Bottom, which are transported beyond
the Conowingo Dam, are found in sediments on the Susquehanna Flats and
in the Upper Chesapeake Bay (Table 1 ). Because sediment collection
locations were selected primarily to define the extent of down-bay
detectability of PBAPS radionuclides, they are not considered to represent surface sediments beyond the immediate sampling vicinity. Therefore, mass balance estimates of PBAPS-derived radioactivity in sediments
were not calculated for this area. Outside the Conowingo Pond region,
Peach Bottom radioactivity in sediments is most frequently detected and
found at highest concentrations on the Susquehanna Flats. Radionuclide
concentrations diminish with distance down-bay and become generally
undetectable south of the Sassafras River. These diminishing concentrations are a function of particle dilution from other Upper Bay tributaries, and likely as well, desorption of particle bound radioactivity
with increasing salinity (Olsen et al., in prep.).
The information derived from mass balance estimates of radionuclides
discharged into the Conowingo Pond suggests, that given average annual
river flows similar to those experienced during our study, less than 20%
of particle-bound pollutants introduced into the Susquehanna River are
deposited within the reservoir. This percentage is probably conservative (i.e., maximal) as it involves a radionuclide source situated on
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Table 3. Mean, maximum, and minimum concentrations (piCu/kg) and number
(N) of detectable concentrations {of 12 collections) for radionuclides
in sediments collected from Susquehanna Flats and Upper Chesapeake Bay
locations, 1981-1986.
Co-60
Location

N Mean

SF-1

7

SF-2

Zn-65

Cs-134

Min

Max

N

Mean

Min

Max

Mean

Min

Max

19

5

46

4

27

4

81

11

34

6

93

2

10

8

12

2

23

11

35

11

18

3

37

SF-3

2

4

3

4

3

83

13

192

8

14

3

52

SF-6

2

4

2

6

0

0

0

0

6

14

7

27

SF-7

1

4

4

4

0

0

0

0

7.

12

3

24

SF-8

5

7

3

10

2

18

4

42

9

23

9

37

SF-9

8

8

2

15

l

15

15

15

12

40

13

85

UB-10

2

5

4

6

1

12

12

12

9

29

10

61

UB-11

4

16

2

34

0

0

0

0

8

25

11

39

UB-1 lA

4

18

11

30

1

16

16

16

6

12

5

33

UB-1 l B

3

23

13

31

0

0

0

0

4

31

14

59

UB-12

6

37

21

45

2

26

7

46

7

22

6

43

UB-13

0

0

0

0

0

0

0

0

0

0

0

0

UB-14

0

0

0

0

0

0

0

0

1

4

4

4
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the reservoir which discharges almost daily; a fact which would likely
enhance local deposition. Most of the pollutant-labeled particulates
which are deposited within the reservoir, are likely resuspended and
transported beyond the Conowingo Dam. A small fraction of deposited
pollutants may ultimately become buried within the sediment record of
the reservoir.
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Quantifying Pollutant Sources to Rock Creek Estuary: The Patapsco River,
Sediment Remineralization, and Non-point Source Runoff
Roger S. Copp and Robert M. Summers
Dames and Moore
7101 Wisconsin Avenue, Suite 700
Bethesda, Maryland 20814-4870

IN!roOOCTION

Rock Creek is a 353 hectare tidal creek in northern Anne Arurrlel
County, Marylarrl that is tributary to the Patapsco River.
'Ihe mean

depth of the est.uaJ:y is 3. O Ireters. 'Ihe lerxfth of the estuary is 5
kilaneters, arrl the mean low tide volume is 9.98 million cubic meters.
'Ihe watershed drainage area is 1022 hectares, of which 51. 6% is
urbanized, 5.4% is agricultural larrl, arrl 43% is forested. Rock Creek
has serious water quality problems inclucti.Iq wide fluctuations in
dissolved oxygen, fish kills, arrl noticeable cxiors fran hydrogen
sulfide emissions, arrl dense algae blooms.
Water quality investigations were con:lucted in 1987 arrl 1988 by
Arun:lel County arrl the Marylarrl Department of the Envirornnent
(MOE). 'Ihe purpose of the studies was to identify the major causes of
the ~ed water quality problems arrl to fonnulate feasible
management strategies to irrprove water quality.
'!his paper will
describe the rcethcxi of detennini.n:;J the major causes- of the water
quality problems arrl quantify their relative irrpact on the Creek.

Anne

WATER

~

SIUDIES

Field studies were con:lucted in 1987 to provide data for a
nutrient mass balance for the estuary.
Anne Arurrlel County fun:led
studies included estuacy water quality sampling on eight dates at five
stations, measurements of organic sediment thickness in headwater
areas, sediment chemistry, stormwater runoff monitoring, hydrOO.ynamic
investigations utilizing current meters, arrl in-situ measurements of
sediment oxygen deman:i arrl nutrient remineralization.
MOE field
studies included estuarine water quality sampling on 15 dates at 16
stations, sediment thickness measurements, sedimentation rate studies,
benthic ccmnunity surveys, arrl hydrodynamic investigations utilizing
dye studies. Figure 1 presents the estuarine water quality monitoring
stations arrl the tidal current meter location.
F\Jrther details
~ the Irethcxis utilized in the water quality studies and the
results are provided in Dames & Moore (1988) arrl MOE (1987).
Highlights of the study results are provided below.
Several key study results irrlicate the severity
quality problems in Rock Creek estuary.
Dissolved
concentrations throughout the study area were measured
zooming arrl late afternoon by MDE.
A sample plot of
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presented in Figure 2. Momin:J surface 00 concentrations within Rock
Creek on June 30 averaged 4.16 ng/l (s = 2.2) while afternoon values
averaged 11. 32 ng/l (s = 3. 03) .
Mornirq an:i aftern<x:>n 00
concentrations an:i sectional estuary voll.nnes were USed to compute
average daytime production rates. 'Ihe average chan:Je in oo mass from
the momirg to the afternoon for Rock Creek inside Faiiview Point
(stations 1 to 11 shc::Mn in Figure 1) was 10,140 kilograms (Kg) or 0.35
ng/ljhr.
Chlorophyll a concentrations were also highly variable.
Chlorophyll a data for August 25 are presented in Figure 3. On the
plot the values for stations 2 an:i 3 are truncated. 'Ihe laboratory
results i.rrlicated concentrations in excess of 800 ug/l for these
stations an:i no quality assurance problems were noted for the samples.
'Ihe values were truncated in order to provide sufficient resolution on
the plot.
Rlosii'lorus an:i nitrogen concentrations are also interestin;J as
shown in Figure 4.
'lhese concentrations are volume weighted average
concentrations for Rock Creek inside Fai:rview Point. Orthophosphate
concentrations are usually close to detection limits, while total
!ilosphorus concentrations are often in excess of 0.2 nq/l. Dissolved
nitrogen fo:rms are also close to detection limits in June an:i July
while total nitrogen concentrations duri.rq the sumrrer exceed 2 rrg/l,
with ooncentrations in excess of 3 ng/l c::anroc>n.
Peak total
ooncentrations were observed in late July an:i AugUst. Hydrogen sulfide
odors were severe on June 22 an:i August 3.
'!he importance of the
relationship between odors an:i nutrient ex>ncentrations w.ill be

discussed later in this paper.
Secliment oxygen demarrl (SOD) an:i nutrient remineralization was
measured near station 3 an:i near station 9 (see Figure 1). D..Iplicate
measurements were made at station 3A on three days an:i at station 9A on
one day. '!he duration of the experiments ranged fran 4 to 6 hours. '!he
results are presented in Table 1.
Methane production rates were
ex>nsistently high with somewhat lc:Mer rates when overlyin;J waters were
anaerobic.
'!he average C:N:P molar ratio for releases of methane,
amroc>nium, an:i orthophOS};ilate for station 3A was 301:30:1. '!he :methane
production deviates nost. fran the Redfield ratio of 106:16:1. Nitrogen
remineralization is also elevated relative to !ilosphorus.
'Ihe
dep:>Sition of iron fran the SOD chambers may explain this relative lack
of !ilosphorus remi.neralization.
Sulfide production was expected durirq the experiments, however
all sanples analyzed were below the detection limit of 0.066 nq/l. '!he
resultin;J sulfide release rate was therefore less than 6. 73
llll00les/m2/day.
'!his result in itself is significant.
Bacterial
production of methane was much higher than sulfate production, which
suggests that the se:liments were depleted of available sulfate an:i that
methane production was the daninant bacterial reduction process.
IJ:M
sulfate production rates have been reported when high :methane
production rates were measured (Martens an:i IG.unp, 1984).
DESCRIPl'ION OF 'IHE SFASONAL MASS BAIANCE

In order to evaluate the relative importance of the principal
nutrient sources to Rock Creek, a seasonal mass balance was prepared
for the period June 17 to August 25, 1987. '!his period was selected
because tidal current meters were in place for the period June 19 to
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Sediment Nutrient Remineralization Rates from Chamber Studies
Date

DO
Range

P04-P
Station

Chamber

(D1110lesL~Ld9l

N1l3-N

(111100lesLm 2Lda)

N:P

Methane as C
(lllll0letm 2 Ld~l

C:P

Iron
(JJW'm 2 /day)

9/3/87

4.3-2.0

3A

1

0.71

39.5

55.6

309

435

-35.9

9/3/87

7.7-4.6

3A

2

0.87

49.8

57.24

322

370

-29.9

9/8/87

2.8-0.7

3A

1

1.39

9.4

309

223

-66.6

9/8/87

2.5-0.8

2

0.61

35.4

300

492

- 3.7

9/17/87

0.1-0.01

3A
3Aa

1

0.29

27.1

267

921

9/17/87

0.1-0.01

3A

2

l.23

23.7

19.2

221

180

0.97 (.32)

29.5 (14.8)

30.4

292 (41)

301

~(std.

dev)

3A

l.31
21.6
7.87

9/4/87

9Ab

1

0.00

6.0

9/4/87

9A

2

0.16

9.1

.....

~
<lchamber aweared to be improperly sealed.

~luding chamber 1, 9/17/87.
°vial broken by vamalism.

56.9

3.4

-452

c

-501

August 21 and nine water quality sw:veys were corrlucted between June 17
arrl August 25.
Mass balances for total i:;hClSfhorus (TP) and total
nitrcx;Jen ('IN) were developed that explicitly considered. nutrient inputs
from .Patapsco River inflows, sediment remineralization, stonnwater
runoff, septic systems, an:l atm:istneric deposition. Daily inp.lts from
these sources were Stmll'OErl, outputs due to settling algae and .Pata_psco
River outflows were carp.lted, and the net masses of 'IN arrl TP in Rock
Creek inside Fail:view B:Jint were corrpared to nutrient IMsses computed
from nonitoring data.
catp:>nents of the mass balance are discussed in oore detail belc:M:

PataJ:sco River
Hydrodynamic forces cause a small rut consistent bottan inflc:M
(average velocity = 0.9 an,lsec) from the Patapsco River to Rock Creek.
'lhe confluence of Rock Creek and the Patapsco is constricted by
Fairview B:Jint and this constriction provided a convenient point to
oonitor the velocity of the inflows. 'Ihe velocity, ten"perature, arrl
salinity were measured every two minutes for awroxin'ately two nonths
utilizing two Errleco 17 4SS meters placed 1. 2 meters above the bottom
and 1. 2 meters below the surface.
Total water depth was 5 meters.
'!his constriction was used as the seaward bourrlazy of Rock Creek. 'lhe
width is 427 meters an:l the mean low tide cross section area is 1, 211
m2.
Based on salinity data collecte::i from f.ield surveys and from the
current meters, it was asstnned that the bottom cross sectional area was
594 m2.
Average daily bottan tidal velocity was multiplied by the
cross sectional area an:l observed bottom concentrations of 'IN and TP to
cacp.lte the nutrient input from the Patapsco to Rock Creek.
'!he outflc:M from Rock Creek to the Patapsco was calculated as the
sum of the hydraulic inp.its minus evaporation. 'lhe nutrient output was
calculat:OO utilizing measured concentrations of nutrients in surface
waters near Faiiview Point (Station 13 shown in Figure 1).

In addition, the daily ~e in tides was considererl in the mass
balance. If the tide level at the errl of the day was higher than at
the beginning of the day, there was a net daily inflow from the surface
layer. Similarly, if the tide level was lower at the errl of the day,
there was a net outflow of nutrients from the estuary. 'Ihe surface
area at different tide elevations was measured, arrl the tide
inflow/outflow was computed as the average of the top and bottan areas
Itllltiplied by the c.harY;Je in tide height.

Sedllnent Remineralization
'!he ~orus ard nitrogen release rates were assumed to be
constant ~out the study period.
'lhe selected i:;hQSEilorus and
nitrcx;Jen release rates were 35 an::i 490 trg/m2/day, respectively. 'lhese
rates were selecte::i based on re.mineralization rates measured in Rock
Creek in September,
1987.
Studies have shown that s..muner
remineral.ization rates may be twice as high as fall rates (Boynton et
al, 1986), therefore these measured rates of 'IN ard TP re.mineralization
may be considered as a lc:Mer bourrls estbnate. A reasonable upper boun1
for sediment re.mineralization could be as high as 70 a1rl 750 nq/rn2/day
for J;i'lQSEilorus an::l nitrcx;Jen respectively. 'Ihese upper and lower OOurrls
for sediment rern.ineralization were tested in the mass balance to
detennine the possible ran:Je of influence of se:ii.rrent rern.ineralization
on the suwly of nutrients fueling algal gr<:1Nth.
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stormwater

Runoff

In order to estimate the :runoff contrih.Ition to the nutrient
loading of Rock creek during the study period it was necessacy to
estimate the runoff volume ard. water quality.
Stormvater runoff
m:mitoring was corrlucted in the fall of 1987. 5arnples were collected
fran two stations in the watershed. 'Ihe lard. use at one station was
56% residential, 27% forest, 3% camnercial, ard. 14% construction, while
the other watershed was 100% residential. 'IWo storms were rronitored in
the mixe:i lard. use watershed while one stonn was rronitored in the
residential watershed.
'Ihe volume weighted average TP concentration
for all ll'Dnitorerl events was approximately 0.5 nq/l.
'Ihe 'IN
concentration was more variable, rarqing from 1.6 to 14 nq/l.
'Ihe
rre:.lian TP ard. 'IN concentrations (O. 7 ard. 2. 9 nq/l, respectively) for
these ll'Dnitored stonns were used to represent stormvater quality in the
mass balance analysis.

'lbe summer runoff volumes into Rock Creek were estimated by
carparing runoff volumes for ll'Dnitored storms with runoff volumes for
USG.S gaging stations in nearby watersheds. 'Ihe volumes of runoff for
the two storms ll'Dnitored in the rnixe:i larrl use watershed were very
similar to runoff volumes at the USG.S gaging station at Bacon Ridge
Branch at Cliesterfield.
Accordirqly, runoff volumes (in c:entirreters)
for the Bacon Ridge Branch gage for the summer of 1987 were used to
estimate runoff to the Rock creek watershed.

septic Systems
'Ihe number of houses in the watershed was estimated utilizing Anne
Arurrlel Coonty tq:>ograµllc maps and 1985 aerial tilotcqra~. Estinates
of :per capita TP ard. 'IN loads were obtained fran Metcalf ard. Eddy
(1979) arrl it was assumed that there were 2. 3 people :per household.
Further, it was assumed t.hat all houses with in 152 meters of the
estuary or triruta:ry streans contributed nitrogen ard. tilosfi'lorus to the
estuary. Fran these houses, it was assumed that all ni tro;en ard. 50%
of the tilosi:Oorus reached the estuary.
'lbe assurcption rega.rdi.rg
nitrogen is well ~rt.ed in the literature (canter ard. Knox, 1986;
Sikora and Corey, 1976) • Most references regardin;J {Xlosfi'lorus uptake
in soils report higher rerroval rates t.han assumed in this mass balance
(Sikora arrl Co-rey, 1976; Hansel arrl Machmeier, 1980). Accordin;Jly, the
assurrption reqardirq {Xlos{Xlorus should be considered as an upper bourrls
estimate.

AtloosJ:heric Qeposition
Rainfall nutrient inp.lts were carputed by utilizing rainfall data
fran the National weather 5eIVice Baltim:>re Washln:Jton International
Airport weather station an:1 assunei 'IN arrl TP concentrations of 1.5 an:1
0.035 In:l/l, respectively.
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settl.irg
Settling rates of 'IN ard TP for the mass balance were adjusted to
provide a reasonable fit to the observed nutrient mass measured in Rock
creek.
A realistic lCMer bound for the settling rate was selected
partially based on settlin;J trap data obtained fran station R-64 in the
Chesapeake Bay (Boynton et al, 1986)arrl partially basa:l on deposition
rates that would be necessary to supp::>rt methane prcduction rates
absel:ved in Rock Creek.

Starting with a known mass (based on measured concentrations fran
water quality surveys) of total nitrogen arrl J:hOSiilo:rus in the water
colurnn of Rock Creek on June 17, 1987, the various nutrient inputs arrl
ootplts disalSSed above were stmllTIEld on a daily time step to obtain a
value for the c.harqe in nutrient mass expected for the subsequent
survey dates. With the settlin;J loss tenn set to average 'IN arrl TP
values of 26 arrl 1. 2 mrrole/m2/day, the predicted mass of nutrient in
the water column is much higher than observed durin;J the early
summer(Figure 5).
Since there was no reason to expect the settlin;J
rate in Rock creek would be constant, settlin;J was varied on a daily
basis as a calibration parameter in order to match the predicted mass
of nutrients in Rock creek to the observed mass.
'!he
following observations made in Rock creek provide some
justification for expectin;J very high sedbrentation rates in the Creek.
1) '!here was high variability in Iilytoplankton populations durin;J
on rronitoring dates June 17, June 24, June 30,
July 7' July 22, August 3, August 5, arx:i August 26, Iilytoplankton
varied between dinoflaggelates, blue green algae, arx:i diatoms.
From
June 24 to August 3, a different Ii'lylurn was dominant on each rronitoring
date. Dinoflagellates again dominated in August. '!he rapid chaN)es in
J:hytoplankton daninance, arx:i the disa~ of the previously
daninant species during late June arx:i July supp::>rt the hypothesis of
higher sedimentation durirg this period.
the sununer of 1988.

2) Measured sediment prcduction of methane was very high.
'Ibe
carbon deposition rate necessary to provide organic carbon for the
methane production would be in the rarqe of 600 mrroles/m2/day.
AssUming the Redfield C:N:P ratio of 106:16:1, the 'IN ard TP deposition
rate would be ai;:proximately 91 ard 5. 7 mrroles/m2/day (1365 ard 175
'Ibe maximum 'IN ard TP settling rates
rrg/m2/day) , respectively.
necessary in the mass balance to provide a close match between the
obsel:Ved arx:i predicted nutrient masses were 75 ard 2. 2 nuroles/m2/day,
respectively. 'Iherefore, the methane production rates fran Rock Creek
sediments are consistent with the maximum release rates necessary to
calibrate the mass balance.
3) 'Ihe maximum settling rates require:l in order to obtain a mass
balance with variable settlin:J are much higher than maximum settling
obtained at station R-64 of the <llesapeake Bay by Boynton et al (1986).
'!he maximum 'IN arrl TP settlirg rates observed at R-64 were 17 arrl 0.81
nm:>le/m2/day. '!he mass balance derived settlirg rate for TP in Rock
creek is not significantly higher than the R-64 rate, however the 'IN
settling rate in Rock creek is much higher than the R-64 rate. 'Ibis is
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FIGURE 5.

Mass Balance Results for Phosphorus
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not unexpected since the average anuronitnn remineralization rate of 30
mroc>le/m2/day measured fran Rock Creek sedirrents was rrore than double
the highest rates (14 mroc>le/m2/day) reported by Boynton et al. (1986)
for the Chesapeake Bay an:l other estuarine systems.
'!he resul.tirq {ilosphorus arrl nitrogen mass balances are surmnarized
in Table 2. It is evident fran this analysis that the major sources of
ooth nutrients are the Patapsco River arrl sedilrent remineralization.
All other sources are quite minor relative to these two sources. As
discussed earlier, the septic system loads an:i the stormwater
IX'los{ilorus loads represent upper bourrls estmates. 'Ib.e volume of runoff
could be doubled arrl the !ilosphorus load would still remain a snall
source. '!he nitrogen concentration an:i the volume of runoff could be
increased with negligible effects upon the mass balance.
Since there was sane uncertainty concemin;J the exact magnitude
of the nutrient exchange with the Patapsco, a ral'l:Je of exchange rates
was tested for a reasonable upper an:i lov.rer bourxi. '!he cross sectional
area of the inflC1.r1ing OOttan layer of the Patapsco River was decreased
to test the sensitivity of the mass balance to the Patapsco River
influence. '!his c.han;Je reduced the Patapsco River nutrient load fran
58% to 48% of the total load.
'!he other major nutrient source is sediment remineralization. As
mentioned above, there is reason to expect that sumrre.r rates, urder
higher t.eltpmitures an:i presumably higher sedimentation, could be as
much as two times the rates measured in September.
In order to
evaluate this question, sedilrent remineralization rates were increased,
an:i the impact on the mass balance was evaluated. '!his resulted in an
increase fran 41% to 60% for TP an:i 48% to 59% for 'IN for the portion
of the nutrient inµits attributable to sediment re.mineralization.
'!he magnitude of the nutrient inputs to Rock Creek are high. '!he
overall TP load durin;J the summer pericxi was estmated to be 6058 Kg or
5.6 g/m2. Jaworski (1981) has concluded that eutrq;hl.c corxlitions can
be prevented in an estuary if the annual {ilOS};tlorus load can be
maintained below 1. O g/m2/yr. A similar situation exists for nitrogen.
'!he summer load to Rock Creek was estimated to be 74264 J(q or 68. 7
g/m2. '!he acceptable nitrogen load according to Jaworski (1981) is 5.4
g/m2/yr. '!he !ilOS{i'lorus an::l nitrogen loads are 6 ti.mes arrl 13 times
their respective acceptable loads.
SUMMARY

'!he mass balance awroach described in this paper was a useful
tool for detenninirq the magnitude an:i relative i.nportance of nutrient
inp..rts to Rock Creek estuary fran the Patapsco River, sediment nutrient
remineralization, non-point source pollution, an:i other sources. '!he
rrost in'portant so.irces were the Patapsco River an::l sediment nutrient
remineralization.
A number of questions were raised fran this
investigation whidl can only be resolved by further study of this
highly eutrq:hlc system.
1) '!he settling rates of organic material in Rock Creek are
essentially unknown.
'!he mass balance analysis suggests that
settling rates are extremely high. Settling rate measurements in
Rock Creek are necessary before these values can be verified.
2) 'Ihe ci:lsel:ved methane release rates are extremely high carpared to
aey other measurements reported in the literature.
More
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measurements are needed to determine if these rates are generally
representative of methane release in Rock Creek.
3) Sedllnent nutrient concentrations are not unusually high in Rock
creek.
'!his suggests that benthic-pelagic CQJPlin;J must have a
very rapid turnover rate in order to SURX>rt the observed nutrient

remineralization rates.
Additional nutrient remineralization
measurements would be helpful in verifyIDJ this assunption.

TABLE 2

SUmmary of Seasonal Mass Balance for Rock Creek
June 17 to August 25, 1987

Fhosphorus

Nitroaen

Source

__&

_!_

Jg_

_!_

Patapsco River

3,511

57.9

41,886

56.4

-324

-5.3

-5,954

-8.o

2,572
108

42.4

36,004

48.5

1.8
O.l

414

0.6

250

0.3

180
_ _6

3.0

l,353

l.8

0.1

311

0.4

6,058

100

74,264

100

Daily tide flux
Sediment remineralization
stormwater runoff
Base flow
Septic systems
Rainfall
Total

5
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INTRODUCTION
The bottom sediments in any estuarine system constitute the largest
reservoir of trace elements and nutrients. It is therefore imperative
that the ir.teractinn between the bottom sediments and the wate~ column
be understood. Currently fluxes from the sediment are measured by
either pore water profiles, dome studies, nr the incubation of
sediments. Although these methods provide the best information on the
processes occurring in the sediment, they are costly and time-consumir.g,
thus are limited spatially and temporally. As a complement to these
measurements, an upper limit average yearly rate nf nutrient regenPration can be estimated. These estimates are independent of fluid
analyses and are based solely on physical properties and cnmposition nf
the sediments, coupled with sedimentation rates. Because these analyses
are relatively simple and inexpensive wide spatial coverage can be
obtained. Such a data set exists for the Chesapeake Bay.
The method is based on a steady-state approximation of the
sedimentary processes occurring, and can be written as follows:
dC

cit •

( 1)
0 • Fin - (Fout + Fburied)
where: C - the concentration of either Carbon, Nitrogen, or
Phosphorus species
Fin - the flux of nutrient, as a component of organic
matter, into the sediment
Fout - the flux of nutrient out of the sediment, equal to
the rate of regeneration
Fburied - the flux nf organic material lost from the system
due to burial of non-reactive organic matter
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Equation (1) can be rewritten as:

where:

(1a)
Fin • Fout + Fburied
(2)
• (fr + fn) Fin
rr and fn are the reactive and non-reactive fraction of thP.
input organic carbon. The reactive component input equals
the rate of nutrient regP.neration (Fout> and the
non-reactive component equals the rate or burial of
non-reactive organic matter (Fburied>·

If it is assumed that the sediment at a site in the Bay is
characteristic of the material input to the sedimentary reservoir at
that site, then the rate of nutrient regeneration can be written as:
Fout • WPs fr Co
(3)
where: w - the sedimentation rate (cm/yr)
Ps - the density of solids in the sediments (g/cm3)
fr - the reactive fraction of the organic carbon
C0 - the initially deposited reactive carbon
Evaluation of this equation, using existing·data, requires several
conditions to be satisfied. These are:
1. The sediment type and porosity are .constant at a given
location, within the shallow sediment reservoir where the
reactive carbon is depleted;
2. The average sedimentation rate has been constant, at any site,
within the shallow sediment reservoir;
3. The amount of initially deposited carbon can be determined;
4. The properties of the organic matter are relatively uniform
throughout the main stem of the Bay., i.e. the reactive and
non-reactive components of C0 are the same everywhere,
5. Redfield's ratio (Redfield et al., 1966) can be applied to
determine Nitrogen and Phosphorus fluxes, and;
6. Nitrification/denitrification and Phosphorus mineralization are
not accounted for - thus the model yields the total potential
flux or Nitrogen and Phosphorus.
These conditions above will be elaborated upon in the following text.
SEDIMENT DISTRIBUTION
Data on the bulk properties of the bottom sediments in the mainstem
Chesapeake Bay were derived from the work of Byrne and others (1982) and
Kerhin and others (1988). Sample stations were located on a onP.
kilometer square grid in Maryland waters and a 1.4 kilometer offset grid
in Virginia, a total of 5924 samples. Figure 1 shows the sample
locations and segments used in this paper's analysis. At each sampling
location the top 5 centimeters of sediment were collected with a grab
sampler and analyzed for grain size, bulk density and percent water.
Approximately one third nf these samples were analyzed for carbon and
sulfur content. Details of the analytic methodology may be found in the
aforementioned reports. A sediment textural distribution map of the
mainstem Bay, based upon these data and utilizing the ternary diagram
and classification scheme of Shepard (1954), is presented in Figure 2.
As shown in Figure 2, sands, represented by the lower left corner
of the ternary diagram, cover a much larger portion of the mainstem Bay
than has been generally recognized. Over half of the bottom is composed
JBS
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SAMPLING LOCATIONS

'

Figure 1: Location of surficial
sediment samples used for the
determination of bulk properties,
adapted from Byrne and others (1982)
and Kerhin and others (1983) . Also
shown are the physiographic segments
within which sedimentation rates
were determined.
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Figure 2: Textures of surficial
sediments based upon the
classification scheme of Shepard
(1954).
Adapted from Byrne and
others (1982) and Kerhin and others
(1983).
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of sediments in which sand sized particles constitute more than 75% of
the grains by weight (Table III). The area represented by the lower
left three fields of the ternary diagram; the sand, silty sands, and
clayey sands ln which sand sized particles comprise more than half of
the grains; covers 66% of the mainstem Bay. The importance of this
large proportion of sand will be dealt with in the discussion section.
The bottom sediments in the deeper basins and axial channels
largely consist of finer grained silts and clays (Figure 2). Throughout
the Maryland portion of the Bay (segments 1-7) silty clays predominate
with slightly coarser clayey silts occurring proximal to the Susquehanna
River mouth, in segment 1. The finest grained clays are present only in
the upper central portion of the Bay (segment 4). The nearly continuous
field of silty clays extends to the snuth of the confluence with the
Potomac River into Virginia where they grade into coarser clayey silts
northeast of the Rappahannock River (segment 8). South of the
Rappahannock River sands and silty sands dominate the bottom sediments
even in the deepest waters (segments 9-12),
Within the dominant silty clay field e~tending between the Bay
Bridge and Rappahannock River (segments 3-8) a wide variety of sediment
types occurs in the deeper portions of the Bay (Figure 2). These
include nearly all of the ten classes represented in the ternary diagram
and have little if any relationship with water depth. Of particular
note are the isolated pockets of sands and clayey sands which are
located between the Patuxent and Potomac Rivers (segment 6). Th13se
pockets nccur in over 12 meters of water depth and are separated from
nearshore sources. The method of estimating ·potential nutrient fluxes
describe herein inc-0rporates these variations in textural distribution.
From the sediment data the density of solids at each sampling
station was derived from the percent water using the formulas similar to
those of Bennett and Lambert (1971). In addition the weight percent
clay at each station was used to derive the originally deposited carbon
content, and the weight percent of sand was used to modulate the
sedimentation rates (see the following sections).

SEDIMENTATION RATES
Sedimentation rates for the mainstem of the ChesapeakP Bay were
determined by the method of bathymetric comparisons, with the initial
data derived from Byrne and others ( 1982) and Ker hi n and others ( 1988).
Using the original NOAA survey sheets the water depths within cells 6
seconds on a side (~150 by 200 meters) were averaged for the earliest
(circa 1850) and the most recent (circa 1950) surveys for which there
was an adequate density of data points. The results denote the changes
in the height of the water column over the time interval spanning the
two surveys. The data were rectified to the same mean low water datum by
applying correction factors for eustatic sea-level rise (1 mm/yr} and
the estimate of recent crustal warping for th·e Bay region. The 1 at ter
ranged from over 2.6 mm/yr subsidence in the north to 1.0 mm/yr near the
Bay mouth (Holdahl and Morrison, 1974).
The bathymetric comparison technique was utilized to estimate
sedimentation rates because of its ability to provide measurements for
the sandy sediments which have been shown to cover a large proportion of
the Bay floor. Due to the nature of the data availablP from Byrne· and
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others (1982) and Kerhin and others (1988) the Bay was divided into 12
segments based upon basin geomorphology (Figure 1), with the averaged
sedimentation rate determined within each segment. In Maryland the
average rate of accumulation per year was calculated for both the muddy
and sandy sediments within each segment. In Virginia only an average
sedimentation rate could be calculated for each segment due to the
characteristics of the original data set. It was felt that the
bathymetrically determined rates provided a better estimate of the
sedimentation rate than radiometrically determined rates.due to the
large areal expanse of sandy sediments, especially in the Virginia
mainstem Bay.
The sedimentation rates for each of the geomorphic segments are
shown in Figure 3 with rates for both muddy and sandy sediments
determined in the Maryland segments and a single rate in the Virginia
segments. The highest rate of nearly 0.8 cm/yr occurs in muddy
sediments of the north~rn Bay adjacent to the Susquehanna River mouth.
The rates decline southward from this high value to a minimum
(approximately zero) in the upper middle bay.(segment 4). Continuing
south, rates rise again for both the muddy and sandy sediments to maxima
of between 0.5 and O .6 cm/yr in segments 7, 8, and 10. It is
interesting to note that the shape of the curve is similar to that
reported from radionuclide dating (Officer et al., 1984) with the
minimum bathymetrically determined rate occurring approximately 60 km
further upbay than the radiometrically determined minimum. The rate for
each segment was input to the model equation for each of the bottom
sampling stations. In Maryland waters where two end member rates were
determined, sands and muds (as shown in Figure 2), the rate utilized in
the model equation at each of the stations was calculated using a linear
approximation based on the percent sand present at each location.

INITIALLY DEPOSITED CARBON (C 0 )

One of the most difficult parameters of prime importance to
determine in estimating nutrient regeneration from bulk sediment data is
the concentration of initially deposited carbon (C 0 ). In the literature
to date there has been no independent determination of this parameter.
Generally when examining sediment cores uniform deposition is assumed
and C0 is assigned the value of the carbon content at the sediment-water
interface; carbon values down-hole are subtracted from this assigned C0
to provide the amount of carbon oxidized by bacterial action, thus the
amount of nutrient regeneration (Berner, 1980; Martens et al., 1978).
This method cannot be readily applied to the estuarine sediments of the
Bay because virtually all of the carbon data is from surf icial samples
(i.e. the interval 0-5 cm; no C0 can be assigned at the sediment-water
interface), secondly much of the deposition in the Bay is episodic, not
uniform, and finally, there is a s!gnif!cant terr!genous (coal)
component of the carbon content in the northernmost portion of the Bay.
An alternate approach to determine C0 uses the strong relationship of
carbon to the clay-sized particle content of the sediment (Hennessee et
al., 1986; Hobbs, 1983) coupled with a modification of 8Prner's (1972)
and Sweeney's (1972) approach to describing the relationship of Sulfur
to Carbon in marine sediments.
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Figure 3: Average sedimentation rates (heavy lines) within
each of the geomorphic segments delineated in Figure 1, connected
by light linP.s to show trends. In segments 1-7 (Maryland)
rates for muddy sediments are shown by solid lines and for
sandy sediments by dashed lines. Only a single overall rate
could be calculated in segments 8-12 (Virginia). All rates
in cm/yr.
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Sulfur in the sediments of the Bay is found in the form of metal
sulfides formed during microbial sulfate reduction (Hennessee et al;,
1986). This sulfur is deposited in the sediment at the expense of the
oxidation of organic carbon. A skeletal diagenetic reaction can be
written as follows:
(4)

Based on this reaction the amount of sulfur found in the sediment at any
given time is:
S(t) • a(C 0 - C(t))
(5)
where: S(t) - the bulk sulfur concentration measured at time t (g
S/g dry wt sed; all percentages are based on dry
sediment weight)
C0 - the initially deposited carbon
C(t) - the organic carbon content at time t
a - a constant containing the stoichiom~tric reaction
factor and the conversion of carbon mass to sulfur mass
This is the approach taken by Berner (1972) and Sweeney (1972). Two
major difficulties arise when trying to apply this equation. First, C0
must be independently defined. The second, and more important reason,
is that not all of the sulfur generated by sulfate reduction is bound in
the sediment. A significant fraction of the sulfide is recycled in the
sediment and not mineralized. Jorgensen (1977) showed that only 10% of
the sulfide generated was preserved in the sediments in a Norwegian
fjord. Since Jorgensen's work the recycling of sulfur has been well
documented (see Jorgensen, 1983).
Consequently, in order for Equation (5) to be validly appli~d to
sedimentary systems recycling must be taken into account. If at any
location in a sedimentary basin it is assumed the sediments are in
steady state, then the fraction of generated sulfide preserved is a
constant, designated asp (range 0-1). Equation (5) then becomes:
(6)
S(t) •a P (C 0 - C(t))
or,
C0 • C(t) + S(t)/ap
(6a)
Within the Chesapeake Bay, south of the Maryland Bay Bridge
(latitude •39°05 1 ) , there is a strong correlation between the percent of
the clay-sized grain fraction and organic carbon: see Table I. It
follows that since C(t) is strongly related to percent clay, that C0 is
also strongly related to percent clay. C0 can be calculated using the
measured values of C(t) and S(t), the stoichiometric/conversion factor
a, and an average p of 0.52 (Hill, 1987; Hill, in prep). The results of
the linear regression of C0 as a function of percent clay are shown in
Table 2 for comparison with the ccti versus percent clay fit. The
goodness of fit, in both Maryland and Virginia, is greater for C0 than
C(t), and is quite good, thus allowing the use of percent clay to
calculate C0 in the mainstem nf the Bay south of the Maryland Bay
Bridge. However there is some question as to the ~pplicability of C0 ,
determined by the clay content, in the region effected by terrigenous
carbon input (segments 1 & 2).

l~

In order to establish whether the pPrcent clay to C0 relationship
is valid for segments 1 and 2, the amount of terrestrial carbon,
principally coal, can be calculated as follows:
Cter(o) • (C(t) + S(t)/ap) - C0 (clay)
(7)
where: C0 (clay) is Co calculated by the relation in TablP 2
p is approximately equal to one (Hill, 1987; Hill, in prep.)
This equation in theory subtracts nut the planktonic component. of the
organic carbon (C 0 (clay)), leaving only the terrestrial nr coal
cnmpnnent. Figure ~ plnts Cter<o) as a function nf percent clay fnr
segments 1 & 2; where Cter(o)•O (shown by the solid llnP) the organic
carbon in the sample is solely planktonic. There are a number of samples
that contain solely planktonlc carbon, however most of the samples show
a linear decrease in carbon content with increasing clay content; the
lowest values, at high clay contents, are approximately equal to
Cnr(o)•O. This is the expected behavior if the non-reactive carb~n was
coal dust which would be associated with the coarser size fractions.
Consequently, percent clay will be used throughout the mainstem of the
Bay to calculate C0 •

REACTIVE CARBON COMPONENT OF Co
The next component of Equation (3) to be Pvaluated is the fraction
of C0 which ls reactive. This can be determined using Berner's (1980)
multi-G model, applied to core data. Berner's model is based on the
idea that there are several component fractions of organic matter in
sedimentary environments. Each of the components decay at a d:lfferent
rate, but each follow a first-order decay mode. This can be written as:
C(x) • iC1e-k1(x/w)
(8)
where: C(x) - the total measured organic content at depth x
Ci - the initial concentration of the 1th component
ki - the first-order rate constant of the ith component
x - depth into the sediment
w - is the sedimentation rate
This equation can be rewritten to deal with fractional components (f 1 )
C(x) • C0 t(C1/C 0 )e-k1(x/w)

or

(9)

• C 0 ff 1 e~k(x/w)

(9a)
However, this ls not directly applicable to the Bay because C0 and w
vary with depth duP to changes in sedim~ntation. Changes in C0 with
depth can be determined by clay content, however little data is
available on detailed down-hole sedim~ntation rates (Brush and Davis,
1984). The best data that exis~s use·radiometric sedimentation rates
which assume constant sedimentation. Equation (9) becomes:
fT(x) • C(x) • Ef1e-k1(x/w)
(10)
~o(X)

where:

i

fT(X) - the total fractional amount of C0 (x) at depth x, whlch
ranges in value from 1 @ x • 0 to f nr @ x • ~.
C0 (x) - C0 (clay) at depth x
w - the sedimentation rate as determined by Pb2 10 techniques.
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Table 1.

Lt near

clay.

regression fits of C(t) and C0 as a function of percent
C(t) • m(%clay) + b

Se~ments

N

m

b

R2

3-7 (MD)
c(t)
Co

548
548

0.0361
0.0601

0.262
0.375

au
85%

0.52

8-12 (VA)
C(t)
Co

956
956

0.0402
0.0662

0.229
0.320

70%
76%

0.59

Table 2.

E

Fractional components (fi) of c0 and first order rate
constants calculated in the regression fit of Equation ( 11 ) ;
along with the sedimentation rates used, and the goodness of
fit.

Station
Number

f3

f2

f cc

55
62
63
64
83
85

0.33
0.22
o.48
o. 21
0.55
0.36

0.36
o. 41
0.28
0.28
0.20
0.29

0.32
0,39
0.26
0.51
0.24
0.39

Station
Number
55
62
63
64
83
85

kJ(lr-1)
0.016
o. 170
0.081
o. 923
0.010
0. 103

* Sedimentation

k 2 (l'.r- 1 )
0.0071
0.0074
(-0.00024)
0.044
0.00096
0.00599

fI
1. 01
1.02
1. 02
1. 00
0.99
1. 04

w( cm/yr)

0.81
1. 26

o.66
1. 12

0.19
0.37

rates from Helz et al., 1982.
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rr
(f]+f2)
o.69
0.63
0.76
0.49
0.70
0.65
O":"b5±0.08

*

R2 ( %)
82
70
97
100
94
92
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Figure 4: Plot of terrigenous carbon versus percent clay.
The solid horizontal line represents planktonically derived
carbon with the dotted lines showing the spread of data
in segments 3-7. The linearly decreasing values of C
(encompassed by the heavy dashed lines) represent thet~6a1
component of organic carbon in segments 1 and 2.
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80

Figure 5:
Potential flux of organic
carbon out of the sediments (20
g/m2-yr contour interval).

1~

The parameter fT(x) is used in order to normalize for down-hole
variability, thus allowing the computation for fi, the various component
fractions of the organic carbon.
Equation (10) has been applied to six cores taken throughout the
mainstem of the Bay for which grain size, carbon, sulfur and Pb210
sedimentation rates were measured (MGS unpubl. data; Helz et al., 1982).
A Marquardt-style regression (Draper and Smith, 1966) was used to fit
the data to a function in the form:
fT(x)
where:

=

f1e-k1(x/w) + f2P.-k2(x/w) + fnr

(11)

x, w, and fT{X) are measured parameters

The reactive carbon component, fr, is the sum of f 1+f 2 ; the average
value of fr is 0.65±0.08. This value ls within the range observed by
others; Nixon (1981) noted in coastal marine waters 25-50% of the
organic matter is fixed in the sediments (compared to 35% in this
model). The variation in fr is quite small (RSD = 12%) indicating that
the planktonically derived organic carbon is relatively uniform
throughout the Bay. This is to be expected due to the uniform behavior
of C0 to clay throughout the Bay.

DISCUSSION/RESULTS
The results of the model are given in Figure 5 and Table 3. Figure
5 is a flux map of the mainstem of the Bay, Fout; in contours of 20 g of
carbon/m2-yr. The flux map mimics the sediment distribution (with the
higher fluxes corresponding with the higher clay contents) but is
strongly modulated by sedimentation rates. The highest fluxes occur
where clay contents and sedimentation rates are both high. This is the
case north of the Bay Bridge (segments 1 & 2) where the potential carbon
flux locally exceeds 80 g/m2-yr in the large field of silty clays. To
the south of the bridge in segments 3 and 4 the potential flux of the
muddy sediments decreases corresponding to the decrease in sedimentation
rate even though the percent clay content remains high. In segment 6,
the potential carbon flux in reduced to less than 20 g/m2-yr in the
isolated deep water coarser sediments. Conversely, the lowest potential
carbon fluxes occur in the coarser grained sandy sediments located
around the Bay's periphery and in the vicinity of the mouth, and in
those areas where the sedimentation rate is lowest (segments 4 and 9).
Table 3 is a more quantitative statement of the model results. It
shows the integrated flux within each sediment type in the Bay. The
integrated flux was calculated by: obtaining the average flux in each
sediment type in each Bay segment; this average flux was in turn
multiplied by the areal extent, in square kilometers, of each sediment
type in the segment, and; the results were totalled to give Table 4. The
potential fluxes of Nitrogen and Phosphorus are calculated by using
Redfield's ratio (Redfield et al., 1966) of planktonic matter
composition.
There are several interesting features to note in this table. The
first is that sandy sediments provide over 38i of the total flux. This
is somewhat surprising because the sandy sediments are quite low in
organic carbon. However, the low carbon content is offset by the large
areal expanse of these sediments, >57% of the total bottom area, and the
high solids density (•1 .3 glee for sandy sedi~ents as opposed to •0.4
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Table 3.

Calculated potential flux of carbon, divided according to
sediment type. For comparison to EPA estimates, Redfield's
ratio is employed to calculate the Total Nitrogen (TN) and
Phosphorus (TP) flux.

Sediment
Type

SANDY CLAY
SAND
SILT
CLAY
SAND-SILT-CLAY
CLAYEY SAND
CLAYEY SILT
SILTY CLAY
SILTY SAND
SANDY SILT

Area

67.9
3715.0

1

0.092

0

57

74. 956

38

0
1
5

0.009

0

1. 9

73. 1

327.6
67.9
496.6
1207.3
546.8
87.0
6526.6

Total= 196.512 (C)
34.604 (N)*
4.784 (P)*

* Based

Flux C
(kg/yr)
x , 06

Area
( km2)

%

3.122
12. 941
1. 084
22.679
65.592
1 4. 003
2. 031
196.509

1

8

18
8
1

EPA ANNUAL INPUT
Total
Benthic
1 4. 6
(TN) 137.3
(TP) 13.7
3.4

on Redfield's ratio of 106:16:1 (C:N:P)
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%

Flux

1

7
1

12
33
7

g/cc fnr silty clays). As a result, sandy areas contribute significantly to the overall benthic flux and should nnt be discounted when
detailed flux measurements are to be made in the Bay.
The other interesting feature to note arises from the comparison of
the EPA flux estimates (EPA, 1982) to the flux estimates of the model.
The model predicts input values significantly higher than the EPA
estimates, even though the model only accounts for the main stem of the
Bay, while the EPA estimates are for the Bay plus tributaries. It would
be expected that the model estimates would be higher than measured
fluxes because the mineralization of Phosphorus and denitrification
processes can not be taken into account. If the EPA estimates of
nutrient regeneration are comparable then 58% of the ammonium released
by diagenetic processes is converted to N2 by nitrification/denitrification processes, and 29% of the Phosphate liberated is mineralized in
the sediments (most of the mineralization probably occurs in the
northernmost portion of the Bay segments 1-3). However, since the model
does nnt include the tributaries, which almost doubles the area
involved, the model estimate would be substantially increased.
Denitrification removes 5-25% of the nitrogen originally incorporated
into the sediment (Nixon, 1981); up to approximately 50% of the
regenerated Nitrogen. Consequently, either denitrification accounts for
the removal of much greater than 50% of the Nitrogen in the se<jiments,
or the EPA estimates of the total annual benthic input is quiti~ low
based nn this model.
In summary, this model provides an independent means of dPtermining
upper limit flux estimates using relatively simple, inexpensive
techniques. Better estimates would require more data from cori~s. with
accompanying sedimentation rate data.
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INTROOUCTION
Chesapeake Bay, the 1argest estuary on the east coast of North
America, 1s a partially-mixed system in which seaward flowing, lowsal inity water overlies landward flowing, high-salinity water with
mixing occurring bet~een the two water layers. Nearly 50% of its
freshwater comes from the Susquehanna River which is also the primary
source of its sediment. Sediment input depends upon Susquehanna flow
rates, but in the decade 1966-1976, approximately 50 mi 11 ion metric
tons were delivered to the upper Bay from the Susquehanna (Gross et al
1978). Estimates of sediment retention for the Bay vary between 90 to
greater than 100% (includes sediment introduced from offshore) (Meade
1982; Biggs and Howel 1 1984; Schubel and Carter 1984). Sediment
accumulation appears to be greatest in the northern part; lesser but
significant accumulation occurs in the southern part; and minimal
accumulation is found in the middle portion of the Bay (Officer et al
1984).

Geochemical studies have demonstrated the existence of nearbottom suspensions of fine-grained sediments, fn excess of 60 cm
thick, extending northward from the mouth of the Potomac (Station 8,
Fig. 1) to Tolchester Beach (Station 15, Fig. 1) (Nichols et al 1981).
Sampling has generally been limited to the Bay axis, consequently, the
areal extent of these suspensions is unknown. They have been called
"fluid mud", "sling mud", "fluff", "creme de vase". and "s11b" when
occurring in concentrations >10 g/1 (Wells and Coleman 1981). No
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universal definition is yet available for this phenomenon inasmuch as
its recognition depends on the techniques used (Parker and Kirby
1982). In this paper, "fluid mud" is considered to be a suspension
ranging between 10 to 480 g/l, corresponding to a density from 1.03 to
1.30 Mg/m3.
Kirby and Parker (1983) classified fluid muds as
stationary and mobile suspensions which may show discontinuities or
density stratifications, termed 11 lutoclines 11 • Similar features have
been observed in situ in suspensions from a dredged channel in the
James River (N'fChOTSet al 1978; Nichols 1985). These suspensions
possess the rheological properties of a viscous fluid (Krone 1963;
Migniot 1968; Pazwash and Robertson 1971; Bryant et al 1980; Faas
1981; Dyer 1986) and are believed to play an important, but as yet unknown role in estuarine transport processes (Officer 1981; Nichols
1985 ).

NATURE OF THE PROBLEM
River-borne sediment enters the estuary, mixes with sediment
brought up from seaward reaches and, through processes not fully
understood, settles through the water column to accumulate on the
bottom (Schubel 1968, 1971, 1982; Zabawa 1978; ·Kranck 1975, 1986;
Gibbs 1983; 1985). During passage from fresh into saline water, clay
particles react with dissolved ions of various types, e.g., trace
elements, nutrient ions, and toxic compounds, and, by settling, remove
some of these materials from the water. This results in chemical
enrichment of bottom sediments which when consolidated, serve as a
quasi -permanent reservoir of these materia 1s (Harris et a 1 1980; Gibbs
1982, 1986). Fluid mud suspensions tend to remain potentially mobile
under dynamic tidal conditions and have been observed moving along the
bottom as wel 1-defined, cohesive sediment flows at velocities between
15-25 cm/s (Ingliss and Allen 1957; Kirby and Parker 1977).
The potential for an estuarine fluid mud t9 be resuspended is
dependent upon many factors, e.g., morphologic, hydrographic, and
rheologic. These latter properties include the "apparent" viscosity
of the suspension, its rheological behavior throughout the range of
shear rate and shear stress experienced during an accelerating tide,
and its tendency to develop a yield stress during hindered settling.
A simple measure of resuspension potential should be the difference
between the yield stress of the suspension and the maximum tidal shear
stress to which the suspension has been exposed during a tidal cycle.
The purpose of this study is to determine the rheological behavior of
fluid mud suspensions under simulated estuarine shear rate and shear
stress conditons as a predictor of their potential for resuspension.
Two aspects of the fluid muds seem critical to this problem: 1) their
hindered settling behavior and density development during a slack
water interval; and 2) the corresponding development of yield stress
and viscous flo~ characteristics during the same interval. It is
suggested that these properties interact in such a way as to either
inhibit resuspension or determine when resuspension will occur in
the shear stress field.
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Background
In muddy estuaries, fine sediment particles settle out of the
water column during slack water and may accumulate to form stationary
suspensions which, if undisturbed, may consolidate into settled mud
(Parker and Kirby 1982; Kirby and Parker 1983). Little is known about
the deve 1opment of time-dependent properties of short-term (1-4 hr)
consolidation of fine sediment suspensions. Michaels and Bolger
(1962) studied the settling rates and volumes of flocculated kaolin
suspensions with respect to plastic and structural properties. Migniot (1968) showed that fine sediment suspensions from different
rivers consolidated at different rates, dependent upon salinity and
sol ids concentration. Owen (1970) demonstrated that a thin 1.1 cm mud
layer, capable of withstanding erosion could be deposited from a
dilute sediment suspension in four hours. Creutzberg and Postma
(1979) showed that muds from the southern North Sea did not stabilize
in consolidation periods shorter than 1.5 hours and would be resuspended by current velocities less than 12 cm/s. Hawley (1981} demonstrated that a thin mud layer, capable of resisting erosion at velocities as great as 14 cm/s could develop in 1.25 hours settling from a
dilute (4 g/l) suspension in water having a salinity of 15 g/1.
Studies of the viscosity of naturally occurring clay/water
suspensions were made by Krone (1963) who determined the viscosity of
San Francisco Bay muds; Migniot (1968) who studied the relationships
between viscosity, salinity, and solids concentration for muds from a
variety of marine, estuarine; and fluvial environments; and, several
studies by Dutch workers (NEDECO 1965, 1968; A11 ersma 1982) on the
muds from Surinam and the Port of Bangkok, Thailand. Wells (1978)
measured viscosities of muds from the central Surinam coast, and Faas
(1981) observed different forms of viscous behavior which appeared to
control resuspension patterns in the Rappahannock Estuary, and recorded similar behavior patterns from fluid muds on the NE Brazilian
continental shelf (1985, 1986). Bryant et al (1980) found that muds
from Rotterdam and Brisbane behave as Newtonian fluids in low concentrations (<10 %) and exhibit non-Newtonian behavior as concentrations
increase. This same phenomena is observed in stationary and mobile
suspensions from the Severn Estuary and inner Bristol Channel (Kirby
and Parker 1983).
Methods
Samples were collected in a north-south transect along the
Chesapeake Bay axis in October 1982, using the RV Ridgely Warfield.
Bottom samples were obtained with a standard grab sampler and were
kept refrigerated at 10 C until analysis. The grab samples were
sampled for natural water content onboard ship immediately upon
retrieval. Grain size analysis was performed in the laboratory with
the 152H Bouyoucos hydrometer (Bouyoucos 1962; Kaddah 1974). Organic
matter content was determined by loss on ignition (Davies 1974).

°
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Although fluid mud was recovered at several localities, the
amounts were too small to be useful for experimental work and
suspensions for analysis were generated directly from the upper 5 cm
of a bottom grab samp 1e. In Chesapeake Bay and other simi 1ar muddy
environments, fine-grained material enters the system from multiple
sources, e.g., the watershed, the offshore, the atmosphere, from
erosion of the tidal flats and estuary margin, and is constantly being
regenerated from the bottom sediments through the activities of infaunal and epifaunal organisms (Rhoades 1963, 1974; Haven and MoralesAlamo 1968; Rhoades and Young 1971) and resuspended by tidal scouring
(Schubel 1968, 1971; Nichols and Biggs 1985}, and wind-waves (Anderson
1972). Consequently, it seems likely that suspensions generated from
the bed wil 1 closely resemble the suspensions from which the bed
accumulated.
Suspensions analyzed for density and viscosity were prepared from
bottom samples by placing an amount of wet sample, equivalent to 50 g
dry sediment, in a Waring b1endor and adding room temperature water,
with salinity adjusted to that existing at the time of sampling.
After blending for 10 minutes, the sample was transferred to a 1liter graduated cylinder, shaken thoroughly to ensure complete dispersion, and al lowed to settle. Settling of the sharp interface that
formed between the water and the sediment was measured for a two-ho~r
interval. Each 50 g sample had the same initial density (1.031 Mg/m )
and changes in density were calculated at 10,· 30, 60 and 120 minut~
as the interface settled. Grain density was assumed to be 2.65 Mg/m •
Viscosity analyses were performed on 20 ml subsamples of fluid
mud taken from the settling tubes. Analysis was done with the Brookfield 8-speed RYT rotational viscometer, equipped with the UL adaptor
for low viscosity fluids. Measurements consist of rotating a cylindrical spindle at eight different speeds in the suspension in a cup,
the radius of which is only slightly larger than that of the spindle.
The shear stress and shear rate at each speed can be calculated precisely (due to the mathematically correct dimensions of the cup and
spindle). Inasmuch as behavior is usually non-Newtonian, viscosity is
considered to be "apparent" as it varies with changes in shear rate
and shear stress (Van Wazer et al 1963). Yield stress was determined
by recording the highest value of shear stress initially achieved at
the lowest shear rate. Each sample was analyzed through an accelerating and decelerating shear rate cycle to simulate the shear stress1s
of a tidal cycle. Shear rates ranged between 0.61 to 122.36 s· ,
corresponding to those customarily experienced in estuaries (Bryant et
al 1980; Dyer 1986). Data were plotted as flow diagrams (log shear
rate vs. 1og shear stress) and rheograms (shear rate vs. log "apparent" viscosity - Fig. 2a and 2b). After analysis, each sample was
transferred to a pre-weighed alumunum moisture can and placed in a
105°c drying oven to determine the percentage of solid material.
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STATION 13 - CHESAPEAKE BAY
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DISCUSSION OF RESULTS
Hindered Settling and Density Development
Hindered settling is exhibited by flocculated suspensions in
concentrations >10 g/l and is characterized by a sharp ~~terface
between the overlying clear water and the flocculated material which
travels downward as interstitial water is expel led upward through the
fl occul ent structure. The process has been suggested to be the mode
of accumulation of fluid mud (Einstein and Krone 1962} and is described in detail by Been and Sills (1981} and Sills and Been (1984}.
It is believed that hindered settling occurs in Chesapeake Bay
during slack water by sediments which flocculate in the low salinity
reaches of the upper Bay (Schubel and Kana 1972; Zabawa 1978; Gibbs
1985). It is understood that there will always be some residual
circulation during most slack water intervals. However, the very
presence of fluid muds indicates that the shear stresses generated by
this residual circulation are too weak to keep the fine particles
separated and in suspension. Creutzberg and Postma (1979) have
demonstrated experiementally that there is a critical depositional
velocity below which North Sea silts become deposited. This velocity
is 12 cm/s, measured 15 cm above the bottom. It seems 1 ikely that a
similar relationship exists for the sediments of Chesapeake Bay.
Figure 3 shows the changes in density with settling time of the
suspensions from each sample site. Three regions, each demonstrating
different modes of hindered settling, are shown. Rapid settling
occurs at Station 7 and seaward. Intermediate settling is observed at
stations landward of Station 16. Stations- 17 and 24 settle to a
slurry density of 1.30 Mg/m3 in about 1-hour, hence fluid mud should
not be found abundantly at these sites. Stations 18 and 19, while not
achieving a density of 1.30 Mg/m3, also settle to high density slurries. Slowest settling is seen between Stations 10 to 16, with settling increasing slightly toward Station 16. At Station 14, a density
of 1.19 Mg/m3 was achieved after 1-hour of settling.
In a different view, Figure 4 shows the increase in density
during 1-hour of settling of each suspension sample. Stations 10
through 16 show a maximum density increase of 12% as compared to 2040% increase further up and down the estuary. It is clear that the
least dense, most water-rich sediments will be found between Stations
10 to 16. Fluid mud should occur in significant quantities in this
reach and has been documented by Nichols et al (1981}.

Viscosity Character1st1cs
The suspensions exhibit non-Newtonian shear thinning (pseudoplastic} flow behavior, typical of dilute clay/water systems (van Olphen
1963). In physical terms, this means that the "apparent" viscosity of
the suspensions decreased as the shear rate (defined as the velocity
gradient, i.e., dv/dy· between the top and basal surfaces of the
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3.
Longitudinal profile showing density increase with settling time
for all stations. Minimal increase occurs at Stations 10 to 16
with greater increase occurring landward of Station 16 and seaward of
Station 10.
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layers being sheared) increased. The reverse phenomena, shear
thickening (dilatant) flow occurred in samples that had settled long
enough to attain a 10% sol ids concentration (usually 5 hours). Flow
diagrams and rheograms are shown in Fig. 2a and 2b for Station 13.
The sample was analyzed after 1, 2, and 6.5 hours of settling. Durin~
this time, the density of th~ suspension increased from 1.04 Mg/m
(7.0% sol ids) to 1.054 Mg/m3 (8.7% sol ids) to 1.069 Mg/m3 (11.1%
solids). A tendency toward shear thickening was observed at the
lowest shear rate in the longest settled sample - however, shear
thickening was not common in these suspensions. These behavioral
patterns are important sedimentological ly inasmuch as shear thinning
results in a decrease in "apparent" viscosity which, under high shear
rates, would encourage resuspension by reducing the thickness of the
laminar layer of the benthic boundary layer. Shear thickening results
in an increase in "apparent" viscosity which, if occurring at some
critical higher shear rate, would increase the thickness of the laminar layer of the benthic boundary layer and inhibit resuspension
(Faas 1985, 1986). A dramatic increase in the thickness of the
laminar layer was observed in the drag reduction experiments of Gust
(1976) and Gust and Walger (1976) when fine sediment was ;introduced
into the flow field.
In order to visualize the pattern of viscous change throughout
the Bay,"apparent" viscositieswere plotted for l and 2-hour settling
times for samples from each station (Fig. 5) . . suspensions possessing
high "apparent" viscosities exist seaward of Station 10 and landward
of Station 14. Low "apparent" viscosities occurred in suspensions
between Stations 11 and 14, with an anomalous intermediate "apparent"
viscosity suspension existing at Station 12.
Figure 6 shows the relationship between suspended solids and
"apparent" viscosity for most samples. Each was measured at 1 and 2hour settling intervals, and shows the associated density increase.
Two distinct trends are noted. Samples from the upper Bay (Stations
15, 16, 18, 19, and 24) show a large increase of "apparent" viscosity
with suspended solids concentration whereas the increase in middle Bay
sediments is much less. Upper Bay samples are less viscous than those
from the middle Bay since they require a greater solids concentration
(2X) to achieve the same "apparent" viscosity. The distinction is
quite abrupt and results from the fact that upper Bay sediments are
generally coarser-grained than middle Bay sediments. However, since
upper Bay suspensions achieve high densities more rapidly during the
same settling interval than those from the middle Bay (Fig. :3), their
"apparent" viscosities are also greater. This is best illustrated by
the d1fferences in "apparent" viscosity between the two gro1..1ps after
one hour of settling (Fig. 5).
One of the time-dependent properties often found in clay/water
systems is yield stress. This phenomena results from an internal
strengthening of the suspension and requires th~t a certain amount of
shear stress be applied to the system before flow is initiated.
Migniot (1968) found that yield stress increased rapidly in concen-
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5. "Apparent" viscosity increase with settling time for al 1 stations.
Lowest viscosities are found at Stations 11, 13, 14, and 20. Greatest
viscosity increases are found landward of Station 14.
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stations. Left side of dashed 1 ine shows "apparent" viscosity
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Bay stations (6-14), measured at 1.22 s·l shear rate. Low "apparent"
viscosity (about 100 cPs) occurs in one hour of settling, generally
doubling after two hours. Right side of dashed
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data for upper Bay samples (15-24). 11 Apparent 11 viscosity after one
hour is at least twice that of lower and middle Bay samples, and also
doubles after two hours of settling. Station 17 behaves as an upper
Bay sample at lower suspended solids concentrations as does Station 8
from the lower Bay. Station 6 (lower Bay) illustrates middle Bay
behavior. Upper Bay suspensions require greater densities to achieve
the same "apparent" viscosities as middle Bay suspensions. However,
due to rapid settling and density increase, upper Bay suspensions
become more viscous than middle Bay suspensions in equivalent settling
times.
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trated mud suspensions (>200 g/l), as did Malherbe et al (1986) in the
muds from the harbor of Zeebrugge (Belgium).
However, Bryant et al
(1980) observed little indication of yield stress development in their
study of the fluid mud of the Severn Estuary and Bristol Channel.
Figure 7 shows that yield stresses as great as 2 Pa (1 Pa = 10
dynes/cm2) may develop in Chesapeake Bay suspensions at densities to
1.15 Mg/m3. This stress (2 Pa) corresponds to a critical shear velocity (U*) of 2.5 cm/s (Migniot 1968). Calculations, fol lowing Terwindt and Breusers (1972, 1982) indicate this U* can be achieved by a
current of 67 cm/s, measured at a distance of 1 m above the fluid mud
interface. Development of. a greater yield stress in 60 minutes of
hindered settling is unlikely to occur at Stations 8, and 10 to 16
(possibly excluding 14 and 15) inasmuch as densities through this
reach increase very slowly. Pritchard (1971) indicates that the net
non-tidal current (up-estuary in the lower layer) is one-fifth the
magnitude of tidal currents (25 to 100 cm/s}. Mean flood tidal velocity in the lower layer is about 40 cm/sand the mean net non-tidal
bottom flow is approximately 10 cm/sup-estuary. Resuspension of
these sediments could occur at current velocities in excess of 67
cm/s, measured 1 m above the fluid mud interface; however, since these
stations are all in water depths greater than 12 m, such velocities
seem un 11ke1 y.
Stations 17 to 24 reach suspension densities between 1.20 - 1.30
Mg/m3 within 60 minutes and presumably develop correspondingly greater
yield stress. However, they lie at depths less than 10 m and are
likely affected by strong tidal currents. Schubel (1969) measured
flood tidal velocities of ·75 cm/sand ebb tidal velocities of -55
cm/s at 50 cm above the bottom in the upper Bay (corresponding to
Station 18) with concentrations of suspended sediment as high as 279
mg/l.
Nichols {1986) relates resuspension to a simple relationship
between energy capacity "e" and sediment concentration "c" and
indicates resuspension wil 1 occur whenever "e" exceeds "c". This
concept fails to take into account sediment responses associated with
density-dependent phenomena such as shear thinning and shear thickening behavior and time-dependent phenomena such as yield stress. In
addition, the geochemical setting may also be a.determining factor.
In oxidizing environments, when the sediment concentration approaches
200 g/l, shear thickening usually occurs at some critical shear rate
and shear stress and resuspension may be restricted (Faas 1985, 1986).
However, in anoxic environments, the rheological behavior of the
sediments is quite different. Studies of acoustic properties of gassy
sediments generally indicate . a loss of a rigid framework resulting in
absorption and attenuation of the acoustic energy (Wood and Weston
1964; Schubel and Schiemer 1973; Anderson 1974). Figure 5 indicates
that low densities and low apparent viscosities occur in suspensions
throughout this reach. In these sediments, shear thinning dominates,
yield stress is minimal, and a greater potential for resuspension is
predicted.
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1. 15

CONCLUSIONS
Chesapeake Bay can be rather sharply divided into three regions
of varying resuspension potential (Fig. 1). Lowest potential extends
from the mouth of the Bay northward to Station 9 off the Patuxent
River. This low potential is due primarily to high "apparent" viscosity and rapid density development due to lesser amounts of clay-sized
material in bottom-generated suspensions. Greatest potential extends
from Station 10 to Station 14 off the mouth of the Patapsco River in
the middle Bay. Suspensions from this reach show the lowest "apparent" viscosity and lowest yield stress development of any suspensions
within the Bay. Settling rate and density increase with time are very
low which contributes to the low "apparent" viscosity. Intermediate
resuspension JOtential exists in suspensions from Station 14 northward
to Station 24 at the mouth of the Susquehanna. "Apparent" viscosity
increases sharply, reaching its maximum at Station 19, then decreases
slightly. The percent of density increase during one-hour of hindered
settling is lowest at Station 16, then increases to about 20% for the
remaining stations. The middle reach of Chesapeake Bay (Stations 10
to 14} contain dense suspensions of fluid mud (Nichols et al 1981).
This reach experiences severe anoxia for several months each year
(Officer et al 1984; Seliger et al 1985). Such conditions lead to a
weakening of sediment bonds (Faas and Wartel 1977; Wartel et al 1985)
and may be a factor contributing to the development of fluid mud in
this reach.
Since this work dealt specifically with a laboratory characterization of the physical properties of suspensions generated from Chesapeake Bay bottom sediment, actual in situ resuspension behavior remains untested. The fact that laboratory experiments reveal distinct
patterns of sediment behavior and a range of parametric variability
which corresponds with independent field observations, e.g., distribution of fluid mud, sediment textural variation, and current circulation patterns, appears to substantiate the interpretations expressed
and to provide an additional framework within which to analyze past
and future data. However, it remains to be determined at which of the
sampling stations nearbottom fluid mud suspensions actually exist, how
much area they occupy, their persistence throughout the year, and
their rheological behavior through a lunar tidal cycle.
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INTRODUCTION

The sediment-water interface is the boundary layer between the water
column and sediments. It is involved in virtually a11 processes and
cycles within aquatit; and estuarine ecosystems. Interactions and
reactions at the sediment-water interface are of particular importance
in regulating processes involving nutrient regenerationremineralization (Boynton and Kemp 1985), fate of toxicants (Olsen,
Cutshall and Larsen 1982), development of hypoxia-anoxia (Garber
1987), sediment mixing (Schaffner et al. 1987a, b), and sediment
transport {Wright et a1. 1987). Much effort has and is being expended
to provide details of these processes wliich will eventually be used in
management plans for water quality, sediment quality, and fisheries
resources.
Generally, field methods for investigating sediment-water interface
processes or fluxes are time and labor intensive. Complementary
methods are needed to suoport detailed studies and allow for better
comprehension of these dynamic processes. Rhoads and Cande (1971)
proposed the use of sediment profile cameras as a means of quickly
collP.cting data on the character of the sediment-water interface.
Rhoads and Germano (1986) outlined a scheme using sediment profi1e
cameras to assess thP. character of the sediment-water interface
relative to benthic community succession. Day, Schaffner, and Diaz
(in press), in addition to using a sediment profile camera, also
advocated the use of bottom surface cameras in conjunction with the
profile camera to provide a more complete evaluation of the sedi111entwater interface.
Sediment profile and bottom surface cameras provide a unique 1n situ
view of the sediment-water interface yi el ding both qual i tativea;;aquantitative data on its biological, chemical, and physical character.
This in situ photographic approach and subsequent image analysis can
quickly anacost effectively cover 1arge areas of bottom defining
biological, sediment fabric, and energy gradients or other spatial
patterns. Natural or anthroprogenic events (i.e. storms, high flows,
dredged material disposal) through ti~e can also be easi1y followed
and recovery rates measured.
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In this paper we will demonstrate the utility of using a surface and
profile imaging camera system to provide a broad characterization of
the sediment-water interface from selected tributaries and mainstem of
the Chesapeake Bay. Emphasis will be placed on defining the redox
potential discontinuity and its depth in the sediment relative to
biological and geochemical factors.

ft£THOOS ANO MATERIALS
A modified Benthos model 3731 sediment profile camera and Benthos
model 371 standard camera and 372 standard flash were combined into a
photographic system for evaluating sediment quality and benthic
habitat complexity. The sediment profile camera provides images of
the sediment column 15 cm wide and up to 20 cm deep. The profile
camera does not provide comprehensive resolution of surface features,
particularly if the prism penetration exceeds the optical axis of the
camera lens. The standard camera is used to provide infonnation on
the surface by photographing an area approximately 20 x 30 cm in front
of the profile camera. In combination this Surface and Profile
Imaging (SPI) camera system provides a high resolution quick look into
the character of the sediment water interface. The configuration of
cameras in the SPI system can be seen in Figure 1.
Data from 359 SPI images collected in the Patuxent River, York River,
and Lower Chesapeake Bay (Fig. 2) between April 1986 and February 1988
were used in this evaluation of sediment landscapes. Each image was
analyzed using an International Imaging Systems 125 image processor
interfaced to a Prime 9955 computer. Of the 14 major parameters
measured from each image (Table 1) surface relief, depth of apparent
RPO, void area, and sediment grain size were selected for evaluation.
Surface relief is maximum point of prism penetration minus the minimum
point across the 15 cm width of the prism face plate. Apparent RPO
depth is the area of the image visually discerned as being aerobic
divided by the width of the analyzed image: We use the tenn apparent
in describing this parameter because no actual measure is made of the
redox potential. An assumption is made that, given the complexities
of iron and sulfate reduction-oxidation chemistry, the reddish-brown
color tones in sediments are indications of sediments that if not
aerobic are not intensely reducing. This is in accordance with the
classical concept of RPO depth wtiich associates it with sediment color
(Fenchel 1969). The area of an image occupied by voids and the type
of voids are good indications of subsurface biological and physical
processes. Void area is expressed as a percent of the total analyzed
image area. All images are then standardized to a constant 15 cm
prism penetration to avoid over or under weighting images that were
less than or greater than 15 cm. Sediment grain size was estimated by
comparing each image to sediments of known grain size. Sediment types
followed the Wentworth classification as described in Folk (1974) and
represent modal class for each image.
The entire data set was stratified a posteriori by sediment type (as
described above), salinity at each Tocation (from Stroup and Lynn
1963), and depth (recorded at time of collection) (Table 2).
Broadscale patterns and trends were then evaluated using SPSSX (SPSS
1986).
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Table 1.

Image analysis measurements from sediment profile camera photographs.

Measurement

Method

Usefulness

a - Depth of Penetration

Average of maximum and minimum
distance from sediment surf.ace
to bottom of prism w1 ndow.

Penetration depth fs a good
indicator of sediment compaction.

b - Surface Relief

Maximum minus nfmimum depth of
penetration.

If the camera fs level, this ls a
good measure of small scale bed
roughness, on the order of 15mn
( prf sm w1 ndow width).

c - Digitized Image Statistics
1. Pixel densities for
total image
2. Pixel densities for
areas of interest

Actual range of densities the
digitizing camera detects from
the sediment profile image.

For cross comparisons of images, ft
ls necessary to have measurements
relying upon image pixel density
done on a similar intensity range.

d - Depth of apparent RPO
Layer

Area of apparently oxic layer
(g) divided by width image.
Maximum and minimum distance
from sediment surface to top
of RPO layer are also measured.

Gives a good indication of DO
conditions in the bottom waters
and the degree of bfogenic
activity in muddy sediments. In
sands will be related to porosity
and tu 11>u l enc:e.

e - Color Contrast of apparent
RPO

Contrast between oxic and
anoxic layers fs determined
from light intensity level
density slicing of digitized
and specially enhanced image.

Establishes boundary of RPO.
Depending upon whether the RPO is
straight or c:onvol uted wi 11 be of
use in understanding the biologic
and physical process.

f - Area of Anoxf c Sediment

Select desired pixel density·
for boundary between oxic and
anoxic, count anoxfc pixels,
and convert to area.

When calculated to a constant depth
of penetration and combined with
oxic layer area a good understanding
of RPO dynamics can be obtained.

g - Area of Oxic Sediment

As in f, except use oxic
pixel count.

When calculated to a constant depth
of penetration and combined with
anoxic layer area a good understanding of RPO dynamics can be
obtained.

h - Voids

Number counted, depth from
surface of each measured,
area of each delineated.

Presence of oxic voids is a good
indicator deep living fauna and
high biogenic activity.

Number counted, depth from
surface of each measured,
area delineated.

Often other inclusions such as
methane or mud clasts are indicative
of certain processes and are helpful
in understanding recent events.

j - Burrows

Number counted, area delineated.

Burrow presence is a good indication of deep living fauna and high
biogenic activity.

k - Surface Features
1. Tubes
2. Epihuna
3. Pelletized Layer
4. Shell
5. Mud Clasts

Counted and speciated.
Counted and speciated.
Thickness and area delineated.
Qualitative estimate of coverage.
Qualitative estimate of coverage.

Presence of these features is
indicative of recent biological and
physical processes.

Determined from comparison of
image to images of known grain
size.

Provides modal estimate of grain
size and sediment layering.

Measure thickness above original
sediment surface and area
delineated.

Location of dredged material and
measuring its thic~ness provide
quantitative measure for relating
impacts to the benthos of any
disposal project.

- Other Inclusions
(Methane Bubbles, Mud
Cl as ts, Shells)

- Sediment Grain Size

m - Dredged Material or other
Layers
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Table 2. A. posteriori strata definition by sediment type, salinity.
and depth.Sediment strata (Wentworth Size Classes)
Clayey Mud
Silty Mud
S11 t
S11 ty Sand
Fine Sand
fine-Medium Sand
Medium Sand
Salinity range (ppt)
O to 5

5 to 15

15 to 20

20 to 25
>25

Depth 1nterva1 (feet)
<15
15-30
30-45
45-60

>60
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RESULTS
The a posteriori stratification of image data by sediment type,
salinity, and depth showed that most of the variation in surface
relief, apparent RPO depth, and percentage of void area could be
explained by sediment type alone. For example, the pattern of the
apparent RPO depth was similar with regard to sediment type by
salinity range (Fig. 3). Therefore, the data were restratified and
reanalyzed by only sediment type.
Surface rel 1ef
Surface relief tended to increase with increasing grain size (Fig. 4).
From clayey mud to silty sand the increase in surface relief was due
to biogenic activities of the benthic fauna. In sands the surface
relief was due to current generated bed fonns. The magnitude of
surface relief in fine sediments averaged 0.7 cm in clayey mud to 1.1
cm in silty-sand. This corresponds to surface slopes of 2.7° and
4.2°, respectively. Bed fonns in sands averaged 1.4 to 1.7 cm in
height, or 5.3° to 6.5° in slope.

Apparent RPO depth

The depth of the apparent RPO, as measured by brown and reddish-brown
color tones of the sediment, tended to increase with increasing grain
size (Fig. 5). The higher mean v~lue for RPO in clayey mud over silty
mud was due to several highly reworked low salinity stations. Median
values for the apparent RPO were the same for both of these sediment
types (0.5 cm). The increase in RPO depth in silt and silty sand was
due to biogenic reworking of sediments by infauna. In sand sediments
porosity was the major determinant of RPO depth.
The thin apparent RPO depths in clayey and silty mud sediments were
clearly defined from the grey color tones of the subsurface sediments.
Apparent RPO layers less than 1 cm thick in muddy sediments, while not
smooth, were more uniform than deeper RPO layers. The complexity in
the form of the RPO was highest in silt and silty sand sediments from
biogenic activities of infauna. In sands the apparent RPO was
simplest in form being close to a uniform surface between aerobic and
anaerobic sediments.
Percent void area
The average and median percentage of void area, standardized to 15 cm
of prism penetration, was low. Void area in fine and predominantly
fine grained sediments averaged 1.3 to 2.1% with median values being
much less at a.a to a.ai for the same sediments (Fig. 6), In sands
voids were not major subsurface features. At times voids do occur in
sands, but they tend to be small. In fine'sediments about lSi of the
images have voids that were much larger than average, being up to 22%
of the sediment area. The majority of these large voids appeared to
be active biogenic structures from subsurface deposit feeding. Except
in clayey muds many of the largest voids resulted from physical
cracking of the sediment caused by the camera prism.

DISCUSSION
Sediment landscapes in the Chesapeake Bay exhibit broadscale patterns
related mainly to sediment grain size and secondarily to salinity,
~ich are a primary determinant of the character of infaunal
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and end bars are total range.

corrmunities. Within each salinity zone, as defined, the basic
patterns of surface relief and apparent RPO depth were similar by
sediment type. At salinities above 5 ppt patterns in void area by
sediment type were also similar. At salinities less than 5 ppt
functional groups of infauna capable of producing subsurface feeding
voids are limited in abundance (Schaffner et al. 1987a). See Figure 7
for representative images.
In sediments ranging from mud.to silty sands, the complexity of
surface relief and apparent RPO depth increases with increasing grain
size. This is due mainly to the increasing dominance of infauna in
sediment mixing processes along this sediment gradient (Schaffner et
al. 1987b). With the transition to sand sediments physical forces
dominate surface relief and RPO depth. In sands, bed forms are the
predominant surface relief and the apparent RPO layer tends to be more
uniform, not following the surface contours provided by bed forms.
Apparent RPO layers in clayey and silty muds tended to be broadly
uniform, following the contour of the surface sediments, upon which a
smaller scale (on the order of mm's) convolution is superimposed. In
silts and silty sands the apparent RPO is most complex and convoluted
providing a greatly increased biologically reactive interface.
The degree of biogenically-induced structural complexity in Chesapeake
Bay surface sediments, as documented by surface and profile imagery,
might have important effects on cycling of dissolved and particulate
substances at and through the sediment water interface. For example,
consider the processes associated with geochemical cycling across the
RPO layer. While flux rates are typically based on simple areal
measurement and the RPO is considered to be a simple contact plane
between aerobic and anaerobic environments (Fenchel 1959) , over most
of the Chesapeake Bay's sediment landscape this assumption would lead
to an underrepresentation of the actual area of the RPO layer. The
results of numerous studies clearly demonstrate that bi ogeni c
stru~tures are regions of enhanced ~iologic31 and geochemical activity
(Aller 1982, Aller and Yinst 1978, Aller and Aller 1986) and that the
activities of infaunal organisms can increase flux across the oxicanoxic sediment interface (Henriksen, Hanson and Blackburn 1980, Aller
and Yinst 1978). Our documentation of the apparent RPO layer, a
complicated surface much greater in actual area than a simple areal
measure111ent would estimate, strongly suggests the need for further
evaluation of the effects of infaunal bentlios on sedirnent-water
interface flux processes in the Chesapeake Bay.

CONCLUSIONS
There are broadscale patterns in the sediment landscapes of the
Chesapeake Bay with regards to data collected by surface and profile
imaging. General trends noted are:
- B1ogenic voids are corrmon and an integral part of sediment
structure, except in sand and tidal freshwater and oligohaline
habitats.
- Surface roughness increases concordant with increasing grain size.
In fine grain sediments roughness is primarily biogeni~ and best
developed in silts and silty-sands. In s.3nds roughness is from
current generated bed forms.
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Figure 7.

Examples of sediment profile images. Scale is IX. S sediment water interface, T - worm tube, V - feeding void.
a.

2 cm high bed form in medium sand at 5 m depth off Cape
Charles in the Lower Chesapeake Bay.

b.

Muddy sediments off Broome's Island, Patuxent River,
showing thin (less than 1 cm) apparent RPD. Notice
highly mottled appearance of subsurface sediment which
may result from biogenic mixing. Also notice
polychaete tubes at surface of sediment.

c.

Silty sediments along Eastern Shore south of Cape
Charles at 22 m depth. Apparent RPD is deeply
convoluted and along the right of the image it extends
down below the penetration of the camera prism. This
type of apparent RPD is due to biogenic rewo:cking by
deep dwelling fauna. Surface relief in this image is
all from biogenic activities. Notice small polychaete
tubes at the surface.

d.

Silty sediments near York River entrance channel at 10
m depth. Apparent RPD is deep in sediments and
convoluted from biogenic act iv it ies. Large void is
from head down deposit feeding of maldanid polychaetes.
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- The biologically reactive interface, as represented by the apparent
RPO, is greater than predicted by surface area alone. Deepest and
most complex RPO's are found in silts and silty-sands at meso- and
polyhaline salinities.
- Except when very thin (< 0.5 cm) and there is no deep biogenic
activity, or in sand sediments, the apparent RPO layer is not a
simple contact plane between aerobic and ~naerobic environments.
The actual RPO area could be many times that described by simple
surface area.
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Use of In Situ Nutrient Addition and Dilution Bioassays to Detect
Nutrient Limitation in the Tidal Freshwater Potomac
R. Christian Jones
George Mason University
Department of Biology
Fairfax, Virginia 22030

INTRODUCTION
Nuisance blooms of blue-green algae have regularly invaded the tidal
freshwater Potomac and its embayments since 1983. Many of these blooms
have been concentrated in the river stretch between Marshall Hall (River
Mile 22) and Quantico (RM 40). Due to the expense of major upgrades of
waste treatment in the Washington area, these unpredicted blooms have
been a major cause of concern in water quality management. A blue-ribbon
panel commissioned following the 1983 bloom concluded that the river
system was phosphorus-limited and that the 1983 bloom was due to
phosphorus that became available not from current waste discharges, but
from an unexpected source, the river's sediment (Thomann et al. 1985).
The mechanism for this release was hypothesized to be enhanced pH due to
photosynthetic activity, a positive feedback mechanism. Similar, but
more limited blooms have been experienced in 1985 and 1986.
Fundamental questions remain to be answered. Is phosphorus always
limiting algal growth in the river? Are carbon or light limitation
important? What about the role of climatic factors? If the system is not
limited by phosphorus, how much phosphorus must be removed before
phosphorus limitation and subsequent water quality improvement takes
place?
Nutrient addition bioassays have been used by numerous workers as a
method of determining growth limiting factors in nutrient-limited
situations. In these experiments soluble nutrients (usually N and P) are
added to closed containers of receiving water containing either native
algae or representative cultures and growth is measured over a period of
time against unspiked controls. Experimental designs have ranged from
laboratory studies with single species growing in filtered, autoclaved
water (Miller et al. 1978) to field designs in which nutrients are added
to containers of native phytoplankton and incubated in the field (Goldman
1963, 1978). In very eutrophic systems where nutrients are not limiting,
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little information can be gleaned from nutrient addition bioassays.
Paerl and Bowles (1987) have proposed that nutrient dilution bioassays
are needed in these rich waters to determine levels to which nutrients
must be diluted before nutrient limitation can occur. It is only after
nutrient limitation is attained that incremental removal of nutrients
will result in decreases in algal· crops.
The phytoplankton is a community, that is an assemblage of .species.
Each species has its own growth characteristics and each may respond
differently to environmental characteristics. In addition, they compete
for scarce resources and as these resources change so too do the
competitive relationships among the species. Based on these
considerations it is not hard to visualize that complex responses could
occur when communities are confined in enclosures and pulsed with
nutrients. Thus, in a study such as this it is useful to consider not
only the aggregate responae (chlorophyll, photosynthetic rates, total
cell density), but also the responses of various species.
The purpose of this study was to conduct nutrient addition and
nutrient dilution bioassays on Potomac river water from 2 sites (Gunston
Cove and Indian Head) on two dates in September 1986. The method used
was a modification of that of Paerl and Bowles (1987) with changes as
noted below. Three questions were to be addressed:
(1) Are phytoplankton at these sites nutrient limited?
(2) If not, how much nutrient must be removed (in this case, diluted)
to attain nutrient-limited status?
(3) Is there a difference in response among different major groups or
even species of phytoplankton and do these differences help
account for the aggregate response of the community? Do
"nuisance" species and "desirable" species of phytoplankton differ
in their response?

METHODS
Study sites were located in the tidal fresh portion of the Potomac
River below Washington, o.c. One site identified as GC was located in
Gunston Cove, a shallow embayment on the Virginia side of the river about
13 miles downstream of the Woodrow Wilson Bridge. The second site was
located in the river mainstem off Indian Head about 19 miles downstream
of the Wilson Bridge. This station was situated near the river channel
in a stretch of the river in which blue-green algal blooms have developed
in recent years. Experiments were conducted at each station during early
and late September 1986.
At each site twelve polyethylene containers (5-gallon Cubitainers)
were used. Six treatments were established in duplicate as follows:
control, three levels of phosphorus addition (+P, +lOP, +llP), 10%
dilution with synthetic river water (-10%), 50% dilution with synthetic
river water (-50%). Phosphorus additions were to be made by adding 20 ml
of a stock solution containing 0.56 g K2HP04/L (+P, +llP) and/or 6.07 g
K2HP04/L (+lOP, +llP) giving a final added P concentration of O.l mg P/L
(+P), 1.1 mg P/L (+lOP), or 1.2 mg P/L (+llP). Dilutions were performed
using a synthetic river water made up with ACS grade laboratory chemicals
to simulate the major ionic composition of Potomac River water (Jones
1987).
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Nutrient and synthetic water additions indicated above were made
prior to filling of the bags with river water. In the field river water
was pumped from a depth of 0.3 m (1 ft) directly into the bags in the
following order: CTRL, +lOP, +P, +llP, -10%, -50%. After filling and
mixing the contents of each bag well, water was poured from each for
analysis. Three samples were taken from each cubitainer: one for
nutrient and pH analysis, a second for chlorophyll and photosynthetic
rate determination at GMU, and a third for phytoplankton analysis. The
phytoplankton sample was stored in an amber glass bottle to which 2 ml of
acid Lugol's iodine solution was added, while the other two samples were
held in 500 ml polyethylene bottles in a dark, insulated container at
ambient temperature.
After sampling each bag was sealed with its plastic screw lid,
lowered into the water, and attached with a metal clip to an eye screw on
a floating wooden frame. After two days, each bag was removed from the
water, mixed thoroughly, and sampled as on Day O. During the first
experiment several bags were lost at the Indian Head site due to exposure
of the apparatus to constant wave action. The site was also a long run
from the launching ramp in Gunston Cove and we could not monitor it every
day. Thus, for the second experiment bags were filled at Indian Head,
covered, and moved to a station in the outer part of Gunston Cove near
the Coast Guard station for incubation.
Samples for chlorophyll and photosynthetic rate were returned to
George Mason University within a few hours of collection. Chlorophyll was
measured by filtration, extraction with acetone and DMSO, and
fluorometric determination of pigments (Jones 1987). Light saturated
photosynthetic rate was measured using C-14 uptake in the lab at ambient
temperature under artificial illumination (Jones 1987). Phytoplankton
were enumerated by species .using the inverted microscope-settling chamber
technique (Lund et al. 1958, Jones 1987). At least 300 cells (1500 in GC
samples) were counted. To minimize variation between counters, one person
counted all GC samples (Ms. Vicki Andrele) and another person all IR
samples (Dr. Claire Buchanan). Biovolumes were determined for dominant
species by measuring cell dimensions and approximating cell shape to an
appropriate geometric solid for which volume can be easily calculated.
It should be noted that cells may vary in size and that small changes in
dimensions lead to large changes in cell volume. Nutrient analysis was
conducted by Lower Potomac Pollution Control Plant lab.
Changes in each parameter were subjected to one-way analysis of
variance to determine if treatment means were significantly different
from one another. The Tukey HSD test was used to compare treatment means
with the control. The SYSTAT statistical package was used to conduct all
statistical tests.

l!SULTS
Gunaton Cove
At the beginning of the September 2-4 experiment in Gunston Cove
enclosures reflected the large algal populations present in the cove.
Initial chlorophyll levels in undiluted treatments (+P, +lOP, +llP, and
CTRL) were 233··295 ug/L indicating bloom conditions. Photosynthetic
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rates were 1079-1367 ug C/L/hr in undiluted treatments.
Chlorophyll and
photosynthetic rate were proportionately lower in the -10% and -50%
dilutions. Blue-green algae were the dominant phytoplankton group in
terms of cell density comprising 84% of all cells counted. The most
abundant species was Merismopedia tenuissima comprising 60-80% of the
total count in initial samples. Chroococcus dispersus and Oscillatoria
planctonica were found in substantial numbers (2.8-19.8%). The
bloomformer Microcystis aeruginosa was present, but not abundant (0.42.1% of total cells). Cryptophytes composed about 7% of the total cell
density. When biovolumes were computed, cryptophytes became dominant
comprising about two-thirds of the total biovolume. This was due to
their much larger size when compared to the blue-greens.
After two days cell density increased in all treatments (Figure la).
Change in cell density was significantly different among treatments, but
no treatment was significantly different from the control. The increase
was greatest in the control and +P treatments and least in the +lOP
treatment. Changes in biovolume were not significant among treatments.
After two days chlorophyll values had decreased in all treatments. In
the control, chlorophylls decreased by 22%. Similar decreases .were
observed in all other treatments except -50% where little change in
chlorophyll was observed. None of the responses in chlorophyll were
significantly different from the control. Photosynthetic rates in the
control decreased 24%. All treatments to which P had been added showed
increases in photosynthetic rate of from 4 to 44% which were
significantly greater than the control. Dilutions showed decreases in
photosynthetic rate which were not different from the control.
Green algae increased in most treatments, but showed no significant
differences among treatments (Figure lb). Diatoms showed little change
under most treatments, but were significantly enhanced in the ··50%
dilution. Cryptophytes inc~eased slightly in the control and decreased in
all three nutrient addition treatments, but w~re much higher in the -50%
dilution. Although not significantly different than the control, the
-50% dilution did result in significantly more cryptophytes than the
nutrient addition treatments. The blue-greens were the group most
strongly responsible for the observed increase in cell density.
Merismopedia tenuissima continued to be the overwhelming dominant
comprising 45-62% of cells counted in all treatments. Chroococcus
disiersus and Oscillatoria planctonica remained subdominant with 7-26% of
eel s counted. Microcystis aeruginosa density increased at about the
same rate as the community as a whole retaining a 1-2% share of total
cells.
Initial conditions at Gunston Cove during the September 23-25
experiment were similar to those observed earlier in September. Initial
chlorophyll levels in the undiluted treatments were even higher than
those found in early September ranging 317-358 ug/L. Photosynthetic rates
were also higher: 1845-2041 ug/L. Chlorophyll and photosynthetic rate
were proportionately less in dilution treatments. Initial phytoplankton
densities in the late September experiment were similar to those observed
in early September (300,000-400,000 cells/mL) as was species composition.
Blue-greens were again the most abundant group at the beginning of the
experiment comprising 82% of total algal cells. As in early September
Merismopedia tenuissima was the dominant species accounting for 44-63% of
all cells counted. Chroococcus dispersus and Oscillatoria planctonica
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Figure 1. Response of phytoplankton in in situ bioassays. Gunston Cove,
September 2•4! 1986. a. (upper) Percent-Change in cell density (cells/mt),
biovolume (um /L), chlorophyil (ug/L), photosynthetic rate (ug/L/hr). b.
(lower) Percent change in density of green algae, diatoms, cryptophytes, and
blue-greens (cells/mL). Six bars for each parameter indicate response in
control, +P, +lOP, +llP, •10% dilution, and •50% dilution respectively.
Numbers acrou top of graph indicate signi.ficance of one-way ANOVA among
treataents for each parameter. + and • connote treatment means significantly
different from the mean for each parameter.
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continued to be subdominant (5-25%). Again Microcystis aeruginosa was
present, but not particularly abundant (0.5·1.3%). In terms of algal
biovolume, cryptophytes were again the most important group comprising
71% of the total.
Cell density increased significantly in two of the three nutrient
addition treatments; nutrient dilution treatments showed little c!hange
relative to the control. Biovolume increased in most treatments, but was
significantly greater than the control only in +lOP. Chlorophyll levels
decreased in almost all treatments during the late September GC
experiment. Decreases of 14-16% were observed in the controls with
similar declines in most other treatments except -50% where a small
increase was measured. Photosynthetic rate decreased in all treatments.
The decrease in the controls was 26-29% while that in the nutrient
additions was 2-18%. More substantial declines were observed in the
nutrient dilution treatments.
Greens increased in all treatments especially those with large
additions of P with positive changes of up to 200% being found (:Fig. 2b).
Scenedesmus bijuga was the most abundant chlorophyte accounting for as
much as 2% of the total count. Diatoms did poorly in all treatments,
decreasing 45-80% in all nutrient addition and control treatments and
somewhat less in most dilution treatments. Cryptophytes declined 0·-40%
in all treatments except -50% dilution, where a significant increase
(about 80%) was registered. Blue-greens remained the dominant group and
followed trends similar to those in total cell counts. Increases were
significantly greater than the mean in two of three nutrient addition
treatments. Merismopedia tenuissima remained the dominant comprising 3454% of all cells counted, a slight drop in dominance. Chroococcus
dispersus and Oscillatoria planctonica were subdominant (6-30%).
Microcystis aeruginosa increased slightly in dominance to 1.7-2.7%.
Indian Head

Initial conditions for the September 23-25 experiment at Indian Head
reflected much lower algal standing crop. Chlorophyll levels were
similar in all undiluted samples at the beginning of the experiment
ranging from 29-34 ug/L. Photosynthetic rates were varied from 290-370 ug
C/L/hr. Dilution treatments showed proportionately lower chlorophyll and
photosynthetic rate values. Initial cell densities were 60,000-90,000
cells per mL, blue-greens comprising 46%. Diatoms, greens, and small
flagellates were also important. Merismopedia tenuissima (15-36%),
Chroococcus dispersus (9-13%), and Oscillatoria planctonica (4-12%) were
the dominant blue-green species. Discoid centric diatoms were also a
dominant group numerically (20··24%). Diatoms were dominant in biovolume
(39%) followed closely by the unidentified flagellates.
Phytoplankton densities increased strongly in all treatments (Fig.
3a) with highest increases of about 500% in the +P treatment
(significantly greater than the control) and lowest increase of 100-200%
(significantly less than the control in -50% dilution. Phytoplankton
biovolume followed a similar trend with increases found in all treatments
and significant relationships with the control identical to those in
densities. The greatest increase in biovolume was 600% in +P and the
least was slightly less than 200% in the -50% treatment. After 2: days
chlorophyll increased in all samples, but none were statistically
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Figure 2. Response of phytoplankton in in situ bioassays. Gunston Cove,
September 23·25, 1986. a. (upper) Percent cllange in cell density (cells/mL),
biovolume (um3/L), chlorophyll (ug/L), photosynthetic rate (ug/L/hr). b.
(lower) Percent change in density of green algae, diatoms, cryptophytes, and
blue·greens (cells/mt). Six bars for each parameter indicate response in
control, +P, +lOP, +llP, •10% dilution, and •50% dilution respectively.
Numbers across top of graph indicate significance of one-way ANOVA among
treatments for each parameter. + and • connote treatment means significantly
different from the mean for each parameter.
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Figure 3. Response of phytoplankton in in situ bioassays. Indian Head,
September 23·25, 1986. a. (upper) Percent change in cell density (cells/mL),
biovolume (um3/L), chlorophyll (ug/L), photosynthetic rate (ug/L/hr). b.
(lower) Percent change in density of green algae, diatoms, small flagellates,
and blue•greens (cells/mL). Six bars for each parameter indicate response ln
control, +P, +lOP, +llP, •10% dilution, and ·50% dilution respectively.
Numbera acro11 top of graph indicate significance of one-way ANOVA among
treataenta for each parameter. + and • connote treatment mean• algnlflcantly
different froa the mean for each parameter.
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different from the control. Photosynthetic rate decreased markedly in
the controls and in the -10% dilution treatment. Other treatments showed
little consistent change from the initial readings; no changes were
significantly different from the control.
All major groups increased in all treatments (Fig. 3b). Increases in
chlorophytes were much lower at +lOP and -10% dilution than in other
treatments, being significantly less than the control. Diatom increases
were highest in +P (500%, significantly greater than the control) and
were generally 200-400% in other treatments. Discoid centrics increased
as overall numbers climbed maintaining 23-27% of cell numbers and
probably a greater percentage of overall biomass. Blue-green increases
were similar to those in total phytoplankton with greatest increase in +P
(significantly greater than the control) and lowest increase in -50%
dilution (100-200%).Merismopedia tenuissima remained the dominant bluegreen (29-39%); Chroococcus dispersus (7-11%) and Oscillatoria
planctonica (5-10%) were subdominant cyanophytes.

DISCUSSION
Nutrient addition bioassays 'in various forms have been used by
numerous investigators to determine which nutrient element is limiting
algal growth in natural waters. These tests assume that if X is the
limiting nutrient, then addition of X to a water sample containing algae
will cause an increase in algal growth and/or standing crop. If X is not
limiting, then no response will occur. In hypereutrophic waters, all
nutrient elements may be present in excess. In these cases algal growth
is probably limited by carbon or light and nutrient levels in receiving
waters may have to be reduced markedly before any detectable change in
algal activity is observed. Thus, expensive nutrient removal schemes may
be implemented without a detectable response in algal biomass. Nutrient
dilution bioassays (Paerl and Bowles 1987) offer a means of ascertaining
to what levels nutrients must be reduced to achieve nutrient limitation;
at this point further nutrient reductions will have proportional effects
on algal biomass.
In this work nutrient addition and nutrient dilution bioassays were
both utilized in situ to detect the degree of nutrient limitation at
Potomac River embayment and mainstem stations subject to algal blooms.
During the experiment an algal bloom was in progress at the embayment
site in Gunston Cove with chlorophyll levels i~ excess of 200 ug/L.· The
bloom in was composed of cyanophytes Chroococcus and Merismopedia with a
substantial component of green algae and cryptophytes compared with
previous Gunston Cove blooms dominated by Microcystis aeruginosa. At the
Indian Head site chlorophyll levels (30-50 ug/L) were well below bloom
levels observed there in some previous years. Merismopedia, Chroococcus,
and Oscillatoria were the dominant blue-greens. Discoid centric diatoms
were very important in the river. ·other parameters reflected the
magnitude of algal standing crops. Initial pH at Gunston Cove was highly
elevated (9.0·9.6) compared with Indian Head (7.6-7.9).
It is important to recall the differences in depth at the two sites.
At the GC site with water only 1.5 m deep, the algae circulate only
through a shallow, near-surface water column. At the IH site,
phytoplankton circulate through 5-10 m of water column. Thus the IH
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phytoplankton spend more time in the dark deeper waters and thus would be
more likely to be light-limited. Light limitation could occur even at
the GC site if large phytoplankton populations huild up. One result of
enclosing phytoplankton in bags is that they spend more time near the
surface and probably experience higher light levels. Another result is
that being enclosed, turbulence is decreased and increased sedimentation
may occur. In addition decreased turbulence may lead to an increase in
the boundary layer around individual cells and more difficulty in
obtaining nutrients. Finally, enclosure with only a small amount of air
and decreased surface turbulence may lead to carbon limitation as carbon
dioxide is depleted from the enclosed water and air.
Phytoplankton communities at Indian Head responded very favorably to
enclosure. Chlorophyll increased in all treatments and photosynthetic
rate responded favorably in the first experiment. Total cell density and
biovolume and the density of all major groups also increased in all
treatments at Indian Head. This response probably reflects increased
light availability when the algae are held in an enclosure near the
water's surface as opposed to circulating over the entire water column.
Since algal crops were not excessive and final pH was less extreme (less
than 9.4), carbon would be a less serious limiting factor than at Gunston
Cove.
Indian Head communities responded positively to +P addition,
although the response to +lOP and +llP was not statistically significant.
Cell density, biovolume, diatoms, and blue-greens all increased
significantly faster in the +P treatment than in the controls. lndian
Head communities responded negatively to ·50% dilution with cell density
and biovolume significantly less than the controls. In addition to data
reported here, particulate phosphorus and organic nitrogen also increased
faster in nutrient addition treatments than in the control (Jones 1987).
Phytoplankton communities at Gunston Cove did not respond as
favorably to enclosure as did those at Indian Head. In almost every
case, chlorophyll levels decreased during the incubation period. The
water column at Gunston Cove is much shorter and thus algae are already
spending a large portion of their time near the surface. Negative
factors associated with enclosure may have overwhelmed any slight light
advantage. Due to the higher standing crops already present in the bags,
dissolved C02 was exhausted much more rapidly in the enclosure. At its
extreme in this study, dissolved C02 reached a low of 0.034 umoles/L in
GC enclosures (as compared with a low of 0.65 uM at Indian Head). This is
well below the level thought to end photosynthesis by green algae and
would be expected to severely stress even blue-greens (King 1970). On the
other hand cell densities increased in virtually all treatments in both
GC experiments. This increase was largely accounted for by very small
cyanophytes. When algal biovolume was compute9, this strong positive
effect of enclosure disappeared. Large-bodied algae, particularly
cryptophytes and diatoms, were negatively affected by enclosure with
nutrient addition and caused biovolume to decline in many cases$ Numerous
other studies have shown that low dissolved C02 concentrations and high
pH inhibit photosynthesis by greens, diatoms, and other algae and enhance
the dominance of cyanophytes (Shapiro 1973, King 1970, Talling 1976, Moss
1973). Interestingly, cryptophytes and diatoms· were actually stimulated
by nutrient dilution in the Gunston Cove samples. This may also indicate
the effect of carbon limitation which is alleviated by the high
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alkalinity and moderate pH of the synthetic river water and the lower
photosynthetic activity in the diluted medium. Chlorophyll behaved
similarly to large-bodied forms while photosynthetic activity mirrored
changes in small cyanophytes. This is consistent with the general
observation of a negative correlation between size and growth rate
(Reynolds 1984).
Photosynthetic rates in GC experiments often increased more or at
least decreased less in nutrient addition treatments compared with the
controls. In the first experiment a strong increase was found with
nutrient addition when compared with the controls. In the second
experiment the decrease in photosynthetic rate was less in the nutrient
additions than in the controls. Chlorophyll levels were less supportive
of the nutrient stimulation hypothesis particularly in the second
experiment. Cell densities were consistently higher in nutrient enriched
cultures in the first experiment, but not the second. Cell biovolume was
negatively affected by nutrient addition in the second experiment; no
trends were obvious in the first experiment. Increases in particulate
phosphorus and organic nitrogen were consistently and often significantly
greater in nutrient addition treatments than in the control (Jones 1987).
The stronger response to nutrient addition in the second GC experiment
may have reflected an increase in P limitation as the bloom proceeded. As
discussed above a clear response to nutrient addition was obstructed by
carbon limitation which severely inhibited the dominant cryptophytes.
In summary, the phytoplankton of the freshwater tidal Potomac
responded to in situ nutrient bioassay in a manner consistent with
phosphorus liiliTtatTO'n of growth. Responses of major groups of algae
differed markedly especially when high algal crops rendered carbon
limitation a problem in the enclosed containers. Future studies should
ensure against carbon limitation by using open enclosures, shorter
incubations, and/or inorganic carbon additions.

I wish to thank Hans Paerl for providing a prepublication draft of
his methods paper on nutrient dilution bioassays and for advice on
setting up these experiments. Vicki Andrle and Claire Buchanan provided
phytoplankton enumerations and Sue Touart and Ann Powel assisted in
laboratory analyses. Allan Hide pTovided field suppoTt. Fairfax
County's Lower Potomac Pollution Control Plant provided nutrient
analyses. Funding for this study was provided by the Metropolitan
Washington Council of Governments. The assistance of Wendy Chittenden
and Stuart Freudberg is greatly appreciated.
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Numerical Tagging of Phosphorus in the James Estuary
Wu-Seng Lung

University of Virginia
Department of Civil Engineering
Charlottesville, Virginia 22901

In estuarine eutrophication analysis, one of the key questions often
asked is to where nutrients from particular source(s) would be transported.
For example, in the James Estuary, phosphorus input to the upper estuary could
be incorporated into the biomass of phytoplankton in the water column,
deposited into the sediments, or transported to the lower estuary. Perhaps a
more meaningful question is: how much phosphorus in the peak algal biomass is
from a given source? A simple component analysis is ~ appropriate for the
eutrophication modeling analysis simply because of the nonlinear relationship
of the phytoplankton growth-nutrient limitation dynamics in the system. A
numerical tracer was added to a water quality model of the James Estuary to
determine the fate of phosphorus in the system. That is, a source or sources
of phosphorus was numerically labeled and added to the James Estuary. The
model was then used to quantify the amount of such labeled phosphorus in
different components of the water column: organic phosphorus, orthophosphate,
and algal biomass. Results of the analysis using the water quality data
collected in September 1983 indicated that municipal wastewater discharges in
the upper estuary (i.e., from Richmond, Falling Creek, Proctors Creek, and
Hopewell plants) contributed to about 75% of phosphorus in the peak algal
biomass (as chlorophyll A) in the water column. Upstream (nonpoint) input
provided another 15\ of phosphorus in the peak algal biomass. Industrial
wastewaters played a very small role in contributing to the algal biomass in
the James Estuary. Finally, the Appomattox River which receives wastewater
discharges from the City of Petersburg contributed an insignificant amount of
phosphorus to the peak algal biomass in the mainstream of the estuary.
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Some Response Patterns of Phytoplankton to Nutrification Based on
Enrichment Experiments and Apparent Influence of Silicon
T. J. Smayda and T. A. Villareal
University of Rhode Island
Graduate School of Oceanography
Kingston, Rhode Island 02881

Nutrient-spike experiments evaluated the effect of various
concentrations of N+P and N+P+Si on phytoplankton community structure,
speciation, biomass, growth rate and primary production. Seven test levels,
including maximal NH 4 doses equivalent to secondary effluent, were used and
attenuated in a graded series to simulate a nutrient gradient. Enrichment
with NH 4 , P0 4 and Sio 2 stimulated carbon production rates, chlorophyll biomass
yield and species growth rates. Lag effects, mortality, suppression of growth
and production, and differential species responses were commonplace, however.
Enrichment did not trigger blooms of nuisance species or algal groups during
the 48-hour experiments.
Enrichment with various N+P+Si concentrations tended to be more
stimulatory than enrichment with N+P alone. In an experiment designed to
evaluate kinetics, a highly significant yield-dose relationship occurred
between chlorophyll production over a 48-hour period and initial NH4
concentrations (Y - 5.17X0.62; r2 - 0.94). The relationship between
chlorophyll yield and NH4 ~ptake was described by Y • 3.33 + 2.06X (r2 •
0.85). There was a significant correlation between NH4 uptake and its
concentration, with the relationship influenced by Si02. The presence of Si02
in excess of S mg-at m-3 stimulated NH4 uptake by about 60% at NH4
concentrations greater than 12.5 mg-at m-3 (r2 • 0.98). In the absence of, or
at < 5.0 mg-at m-3) the relationship was described by Y • 0.93X0.91 (r2 •
0.94). Between S.O and 18.5 mg-at m-3 NH4, ~ 90% of the NH4 was taken up over
the 48-hr period. Above 18.5 mg-at m-3 NH4, the percentage uptake fell off
rapidly, with the percentage utilization influenced by Si02 concentration.
This apparent influence of Si02 on the various responses of natural
phytoplankton communities to nitrogen enrichment was an unexpected finding
which warrants further study to evaluate its potential role as a regulator
and/or mediator of phytoplankton community responses to estuarine
nutrification.
The enrichment experiments were carried out u~ing summer phytoplankton
communities from Massachusetts Bay in outer Boston Harbor. The results would
appear to be relevant to Chesapeake Bay nutrification issues; hence,
submission of this abstract.
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The Importance of Submarine Groundwater Discharge to Nutrient Flux
in Coastal Marine Environments
George M. Simmons, Jr.
Virginia Polytechnic Institute and State University
Biology Department
Blacksburg, Virginia 24061

INTRODUCTION
The purpose of this investigation was to examine the role of submarine groundwater
discharge (SGWD) on nutrient nux into the ncarshore area of two coastal marine
environments on Virginia's eastern shore. The movement of water across
sediment/water interfaces is important biologically hecause it sets the microclimatic
conditions for sediment inhabiting micro and macro organisms. sown, therefore, is a
site spec;iftc phenomenon. Suc.:h movement also contributes to benthic-pelagic coupling
(Nixon 1981; Rowe et al. 197.5; Rowe and Smith 1977).
Historically, nutrient flux across sediment/water interfaces has been measured by two
methods: in situ and diffusion gradient methods (Zeitzsc.:hel 1979). This pa per reports
the movement of water and dissolvec.I material across sediment/water interfaces in
marine environments hy a third method, that of bulk flow, using seepage meters and
mini-piezometers (Lee 1977, l 980; Lee anc.1 Cherry 1978).
Initial interest in groundwater discharge into marine hahitats focused on the relationship
between fresh, groundwater innow and/or seawater intrusion into fresh, groundwater
supplies (Reilly and Goodman 1985). Over a period of several decac.lcs, numerous
mathematical equations and models have been used to relate the interactions between
these two systems and their interface properties. Cilover ( 19.59) developed a
mathematical expression to describe the interface hctwcen fi·esh and salt groundwater in
a coastal aquifer that ac.:counted for the movement and disc.:hargc of freshwater. Cooper
( 1959) developed a hypothesis to explain the mixing 7,onc, or zone of' dispersion, the
continuous circulation of seawater observed in various field studies, and he attempted
to quantify the amount of mixing due to tidal fluctuations. llenry (1959, l9M)
advanced the concepts further hy using an advection - diffusion equation to account for
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hydrodynamic dispersion. Kohout ( 1960, 1964) was one of the first investigators to
quantify and suggest the continuous cycling of seawater as a result of SGWD. The
important summary to these developments from an ecological perspective is the
realization that fresh, groundwater does move into coastal marine environments and
that seawater cycles through the sediments as a result of the SGWD (rig. 1).
Kohout (1966) and Kohout and Kolipinski ( 1967) appear to be the first investigators to
study the importance of freshwater seepage into shallow marine ecosystems. Their
studies, conducted along the shore of Biscayne Bay, rtorida, showed a definite
relationship between biological zonation and SCiWD into the bay . .Johannes ( 1980) also
presented significant information on the ecological signiricancc of SGWD. While
acknowledging the fact that SGWD to the sea is widespread, " ... overlooking the fact
could lead to serious misinterpretation of ecological data in studies of coastal pollution,
of benthic zonation and productivity, and of the Oux of dissolved substances between
bottom sediments and overlying water." llarden Jones ( 1980) has even suggested
groundwater seepage as a landmark for identifying spawning grounds for plaice.
In the past, direct measurements of bulk water flow across sediment/water interfaces in
marine environments would have been cost prohibitive due to drilling requirements.
However, with the development of seepage meters and mini-piczometcrs by Lee (1977)
and Lee and Cherry ( 1978), such information can be obtained easily and cost effectively.
Studies dealing with seepage flux have been estimated in lakes and streams (Lee 1977;
Lee and I lynes 1978; Lee and Cherry 1978; Lock and John 1978; Lee 1980; Erickson
1981), estuarys (Valie\a ct al. 1978; Bokuniewic7. 1980; Zimmerman et al. l985; Capone
and Bautista, 1985), and coral reefs (D'Elia et al. 1981; Obcrdorfcr and Buddemeier
1985, 1986; Lewis 1987; Simmons and Love 1987; Simmons and Netherton 1987;
Simmons in press).

METHODS
Two sites were used in this study and both were located on Virginia's eastern shore
(Fig. 2) in conjunction with land-hased wells estahlishcd by the U.S. Geological Survey.
The first site, located off Chincotcage rstand, represented a high density human
population area with large volumes of freshwater input to the groundwater system due
to human consumption and septic tank usage. Stcclman's Landing reprc.c;entcd an
agricultural site in which SGWD to Magothy Bay was buffered by woodland and
marshland areas (Fig. 3) each -350 m wide at the research site. In general, seepage
meters were established -10-1.5 cm beneath the water's surface at low tide, and l Om and
lOOm ofTshore the low tide mark. Samples of SGWD were collected in acid washed hags
that were rinsed in deionized/distilled water. Water samples were then transferred to
acid washed plastic bottles, kept on ice, and returned to the laboratory for analyses.
Standards for nutrient analyses were made in substitute ocean water. Nitrate was
measured by cadmium reduction following E.P.A. Method 353.3 (E.1'.A. l9R'.\).
Ammonia determinations were made using the phcnate method (E.P.A Method 350.l)
(E.P.A. 1983 and American Public I lealth Assoc. et al. 1976). Total and dissolved
phosphate were measured by the ascorbic acid method (E.P.A. Method 365.2) (E.P.A.
1983).
The specific gravity of samples was measured with a hydrometer read to the fourth
decimal place. Corresponding density/salinity tahlcs were \1Scd to convert hydrometer
measurements to salinity values (American Public J lcalth Assoc. ct al. J976).
Temperature mca!lurcmcnts were made with calibrated long stem thermometers.
Oxygen measurements were made using either a macro or micro-winklcr t.echniqucs and
titration with the appropriate normality of thiosulfate.
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Land surface

Artesian (confined) aquifer

Impermeable atrata

Figure l. Schematic diagram of the interface between fresh and salt groundwater
systems in a coastal environment (from Johannes I 980).
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Figure 2. Study sites for submarine groundwater discharge on Virginia's eastern shore.
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Figure 3. Study site at Steelman's Landing.
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The seepage meters used in this study were 0.25 m 2 • The Oux of SGWD was measured
with seepage meters. The volume of water collected was divided by the time interval of
collection and multiplied by 4.0 to approximate the amount of water passing across one
square meter of bottom. The quantity of SGWD collected was expressed as
L·m- 2 ·day- 1 • Knowing the concentration of a particular nutrient and multiplying this
by the seepage flux resulted in nutrient nux expressed as mg·m- 2 ·day- 1 •

RESULTS
Seepage meter discharge rates for the two sites are summarized in Table 1 and show that
discharge rates were higher at the Chincoteague Site than the Steelman's Landing Site.
The SGWD at the Chincoteague Site showed a classical decrease in discharge rate with
distance from shore, but the highest discharge at Stcelman's Landing varied with
distance from shore. Tidal fluctuation off Chincoteague was fairly consistent during the
study periods, but ofT Steelman's Landing, changes in wind direction orlen len seepage
meters exposed during low tide, or inundated to the extent that sample recovery at high
tide was not feasible. The inability to keep the shallow meters submerged and to collect
at needed time intervals may have contributed to some of the variability at the
Steelman's Landing Site.
Salinity measurements from the two sites arc summarized in Table 2. Even though all
wells sampled from Chincoteague are summarized in Tahlc 2, only one well represented
salinity values of groundwater that discharged into the research site. This well had a
mean salinity of 1.3 ppt. The salinity of SGWD in hoth seepage meters and piezomcters
indicated the presence of fresh, groundwater entering the channel at least to a point IOm
ofTshore the low tide mark. The influence of SGWD ofTSteelman's Landing was equally
apparent in both seepage meters and piezornetcrs. Further evidence of fresh,
groundwater seepage entering Magothy Bay was found in water pools above the high
tide mark in the marshland area (Fig. 2). Woods Well was located on the edge of the
woodland area next to the marshland and had a mean salinity of 2.2 ppt. Marsh Well
was located -85m into the marshland area and contained a mean salinity of 26.7 ppt.
Water sampled from pools between the Marsh Well and the Bay contained a salinity of
2.1 ppt. During a field trip in Pcbruary at the Steelman's Landing site, a small, shallow
stream of water (-Jcm deep by .Sm wide) was observed nowing from the marshland into
the hay. The time of collection was almost at mean low tide and the flowing water was
believed to be residual Bay water left in the marsh from the previous high tide. The
salinity of this water, however, was 4.8 ppt.
Concentrations and flux of ammonia are summarized in Table 3. No nitrate was
measured in any of the water samples from the Chincoteague Site. A II of the inorganic
nitrogen was in the form of ammonia. Wells were anaerobic and the well nearest the
study site had a mean ammonia concentration of 74.01 mg/L ( ± 70.0, N = 3). In
contrast to the Chincoteague Site, the distribution of nitrate and ammonia was very
difTerent at the Steelman~ Landing Site. No ammonia was measured in any of the wells,
but nitrate was present (X = 11..55 ± 5.22; N = 7). Moreover, these well waters were
highly oxygenated (8-10 mg· L - 1). Conversely, nitrate was not found in any of the
SGWD samples, but ammonia was present. Tahle 3 shows that ammonia levels in the
SGWD was considerably lower than that measured orr Chincoteague, but
concentrations were higher than that measured in amhient hay water. In two of the
wells sampled, Road and Field Wells, concentrations of nitrate at times exceeded 10
mg·L - 1 • On the Pebruary collecting trip, a concentration of 22.91 mg·L · 1 was
measured in the Road Well. High concentrations also were recorded in the pond water
and to a certain extent in the stream water (X = 4.68 ± 3.30; N= 6). Interestingly,
Woods Well and Marsh Well did not show any nitrate presence, hut did show ammonia
presence on only one occasion. A greater number of piezometcrs were used off
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TABLE 1
SEEPAGE METER DISCHARGE RATES (L·m- 2 ·day- 1 )
Steclman's Landing Site·· 1987-88

Chincoteague Site · 1987
MONTHS

SITE
SHORE
Mean
S.D.
N

MAR
20.26
16.53
6

APR
28.16
13.71
19

MID (-tom offshore)
9.83
Mean
13.23
15.21
S.D.
22.11
14
N
3

MONTI IS
MAY
13.59
14.98

11
8.83
7.26
5

DEC
2.27

JAN

1.02

2.33

3

6

l.47

6.59
4.11

2.08

6

9.33
7.68
9
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fi'EB
Ll6
ll.08

5

0.97
3

DEEP (-lOOm offshore)
1.71
1.84
Mean
S.D.
0.40
0.69
3
N
3

5.95

1.21
8
2.00
1.43

12

TABLE 2
SALINITY (ppt)
Chincoteague Site
Reference Water

Mean
Range
N

Wells

Chincoteague Sound

9.7
0.4-23.7
3

28.7
25.0-30.3

3

Submarine Groundwater Discharge

Shallow
Mean
Range
N

SM

Piez.

21.2
8.5-30.1

16.7
6.2-27.1
2

11

Mid
SM
30.4
29.4-30.8

4

Steelman's Landing Site
Reference Water

2.2

Well

26.7
21.7-35.4

1.6-2.9
3

12

N

Mar~h

Woods Well

Field Wells, Pond, Creek
Mean
0.7
Range
0.0-1.9

3

Magothy Bay
31..5
30.4-32.8
7

Submarine Groundwater Disclrarge

Shallow
Mean
Range
N

Deep

Mid

SM

Piez

30.8
29.8-32.4
8

30.9
25.6-32.7
12

SM
25.5
24.7-27.5

6
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Piez

SM

29.7
27.2-31.4
8

31.0
29.8-33.5

9

TABLE 3
Concentration and Flux of Ammonia (NHJ-N)
Chincoteague Site:

Reference Water (mg·L- 1 )
Wells
Chincoteague Channel
Mean
Range

N

52.83
4.61-150.66
6

None Detected

Submarine Groundwater Discharge
Conc(mg·L- 1)

Flux (mg·m- 2•dars)

Shallow
Mean
Range
N

2.09-188.83
9

Mid
Mean
Range
N

1.70
0.31-3.60
4

Mean
S.D.
N

14.93
13.68
4

Deep
Mean
Range
N

4.8
3.1-6.5

Mean
S.l).
N

9.10

61.95

Mean

S.D.
N

2

787.98
801.68
8

2

Steelman's Landing Site:

Reference Water
Mean
Range

N

Wells
None Detected

Magothy Bay
0.19
0.00-0.42

19

5

Submarine Groundwater

Di.~chnrge

Flux (mg·m- 2·day- 1)

Conc(mg·L- 1)
Surface
Mean
Range
N

0.19
0.00-0.44
7

N

Mid
Mean
Range
N

1.32
0.00-1.94
4

Mean
S.l).
N

15.84
13.33
3

Mean

3.24
3.36

Deep
Mean
Range
N

Mean
S.D.

0.33
0.00-0.67

S.D.
N

5
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1.27
l.47
4

5

Steelman's Landing and they showed a higher concentration of ammonia than the
seepage meters. /\n extreme example occurred in December when the mean amonia
concentration from six piezomctcrs, one meter into the sediments, was 4.03 ± 2.16
mg· 1,-· 1 , and no ammonia was detected in the seepage meters even after their pumping
for over 24 hrs at a rate of -1-5 L·m - 2 ·day- 1 •
Total phosphate levels at the Chincoteague Site are summarized in 'l'ahlc 4. The mean
concentration of total phosphate in the well closest to the research site showed a mean
concentration of 0.34 mg/L (± 0.33; N = 3). Dissolved phosphate was -80-95% of the
total phosphate measured in well and seepage meter samples from Chincoteague. As
with the ammonia samples, too few piezorneter samples were taken off Chincoteague to
be meaningful. However, samples were within the range measured by the seepage
meters suggesting little dissolution from the sediments.
The amount of total phosphate measured in well, surface, and seepage water samples
orr Steclman's Landing was considerably lower than measured at the Chincoteague Site
except for the deep site (Table 4). furthermore, the mean concentration of dissolved
and total phosphate in seepage meter samples from the mid and deep water sites was
lower than piezometer samples from the same depths ( .10 vs .17 mg· L - 1 , respectively).
This suggests that 1) dissolved phosphate was being fixed at the sediment/water interface
and 2) the presence of the seepage meters did not cause dissolution of phosphate from
the sediments. In contrast to the Chincoteague Site, the proportion of dissolved
phosphate was -30% of the total phosphate concentration.
Due to water conditions, only a few hydraulic head readings could be taken which were
considered to be reliable. At the Chincoteague Site, mean values of 8.4 and t 2.1 cm
were measured with a manometer during the March and April field trips. At the
Steelman 's Landing Site, a hydraulic head of 12 ..5 and 22 ..5 cm was measured on the
January and February collecting trip, respectively, using water level height from flowing
piezometers at low tide.

DISCUSSION
The data collected orf Chincoteague and Steelman's Landing show that water below
ambient salinity did move into shallow, nearshore marine environments. The discharge
values reported here are similar to those reported by Ilokuniewicz ( 1980) and
Zimmerman et al. (1985). Moreover, it could be demonstrated that the SGWD was
being driven by a positive hydraulic head. Other investigators have expressed caution
and concern when using nutrient data obtained from seepage meters (Brock ct al. 1982),
and such concern between the real and experimental world is valid in this study.
I Iowever, nutrient concentrations were usually higher in piczomcter water than seepage
meter water, and dissolved oxygen concentrations taken from ports in the seepage
meters indicated an aerobic environment. Therefore, an assumption has hecn made
that, in these cases, there was little or no seepage meter erTect.
In comparing nutrient flux data, the problem arises with the units of expression. For
comparative purposes, I have converted other reported values to mg·m- 2·day- 1 for the
elemental species and tabulated these in Table 5. For those investigators familiar with
the original citation values, these numbers also arc listed for comparative purposes.
Nutrient transport into marine environments has been reported hy other investigators
using several methods. A partial summary of some of these studies has been presented
by Nixon ( 1981 ). In addition, Phoel, et al. ( 1981) studied nutrient flux in the York River
at three dirfcrent depths. They reported ammonia to be the major inorganic nitrogen
species moving into the water column through dirfusion flux and their nux rates ranged
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TABLE 4
Concentration and Flux of Total Phosphate (P0 4 -P)
Chincoteague Site:
Reference Water (mg·L- 1 )

Mean
Range
N

Wells
0.37
0.01-0.07
6

Chincoteague Channel
0.04
0.00-0.07

11

Submarine Groundwater Disc/rarge

Conc(mg·L- 1)

Flux (mg·m- 2·day-1)

Shallow
Mean
Range
N

0.62
0.19-1.42
12

Mean
S.D.
N

15.82
17.84
9

Mid
Mean
Range
N

0.79
0.00-1.62
8

Mean
S.D.
N

3.55
2.98
8

Deep
Mean
Range
N

0.06
0.05-0.06
4

Mean
S.D.
N

0.09
0.03
4

Steelman's Landing Site:
Reference Water (mg·L - 1 )

Mean
Range
N

Magothy Bay
0.11
0.08-0.12

Wells
0.06
0.02-1.60
19

5

Submarine Groundwater Discharge

Flux (mg·m- 2·day- 1)

Conc(mg·L-1)
Shallow
Mean
Range
N

0.08
0.04-0.14
9

Mean
S.D.
N

0.25
0.24
9

Mid
Mean
Range
N

0.10
0.05-0.19
9

Mean
S.D.
N

0.59
0.66
8

Deep
Mean
Range
N

0.10
0.05-0.13
9

Mean
S.D.
N

0.98
0.92
8
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TABLE 5
Compuatlve Data - Other Nutrient Flux Studies
STUDY

ORIGINAL CITATION VALUE CONVERTED VALUES

Callender and
llammond
(1982)

0.6-6.5mMolc·m- 2 ·day- 1 NI h
1-21 mMolc·m- 2 ·day- 1 NI h

·9.6-88.8 mg·m- 2 ·day- 1 Nf '3-N
14.4-285.6 mg·m- 2 ·day- 1 Nlh-N

Capone and
lOµM N03
Bautista (1985)
Nixon (1981)

13-2501tMoles·m- 2 ·hr- 1 NI Lt

PhoeJ, et al.
(198 l)

3m:22-191 ugatN·m- 2 ·hr- 1 Nlh 7.2-64.8mg·m- 2 ·day · 1 N~h-N
7-1678 ugatN·m··· 2 ·hr- 1 Nlh 2.4-564.0 mg·m- 2 ·day·-t Nlh-N

t

4.4-84.0mg·m- 2 ·day·· 1 Nll 4 -N

9m:l62 ugatN·m- 2 ·hr- 1 Nlh

55.2 mg·m- 2 ·day· 1 Nlh-N

J6m:51 I ugatN·m- 2 ·hr- 1 Nlh
288 ugatN·m- 2 ·hr- 1 NJ·'3
11 ugatN·m- 2 ·hr- 1 N03

172.8mg·m- 2 ·day- 1 Nfb-N
96.0rng·m- 2 ·day··1 Nlh-N
4.8 mg·m- 2 ·day- 1 N03-N

Callender and
llammond
(1982)

.02-0.3tnMolc·m- 2 ·day- 1 P04-P
0 .l-2.0mMole·m·· 2 ·day·· 1 P04-P

.72-9.36mg·m · 2 ·day- 1 P04-P
3.12-62.4mg·m- 2 ·day· 1 PQ4-P

Nixon (1981)

2-50 µMoles·m- 2 ·hr·· t P04-P

l.44-37.7mg·m- 2 ·day- 1 P04-P

Zimmerman,
et al. ( 1985)

29-70 xt0· 6 g·m- 2 ·day- 1 DRP*
3-25 x10· 6 g·m·· 2 ·day- 1 DRP"'
7.8 xto·- 3 g·m- 2 •day··t DRP*

.02-.07mg·m- 2 ·day- 1 P04-P
.003-.02mg·m- 2 ·da~- 1 P04
7.92 mg·m · 2 ·day- P04-P

*DRP = Dissolved Reactive Phosphate
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between 2.4 - 172.8 mg·m-· 2·day- 1 • The lowest values occurred in the deepest depths
(16m) under stratified conditions, and the highest values occurred in the shallowest
depth (3m) when little or no light was present. Other elevated values of ammonia nux
have been reported by Callender and llammond ( 1982) from Potomac River sediments
and they estimated that such rates were approximately one-third of that coming from
the Blue Plains sewage treatment plant. Capone and Bautista {1985) noted that
ammonia inputs from sediments result from nitrate reduction in anoxic zones and, as
such, represent new, rather than recycled, inputs to bay waters.
As expected, there is little information available on nitrate rlux into coastal water
because it appears the nitrate in fresh, groundwater is converted to ammonia by
microbial activity. H owevcr, Phoel et al. ( 198 l) and Capone and Bautista ( 1985) did
report nitrate flux in their studies. Phocl ct al. ( 198 l) found the lowest values to occur
at the l6m depth (4.8mg·m- 2·day- 1) and the highest values to occur at the 3m depth
under maximal light conditions (564.0mg·m 2·day 1). Capone and Bautista (1985)
reported a mean concentration of 0. I 20 mg N03-N at the sediment water interface in
Great South Bay, New York, and when coupled with the discharge rates of Bokuniewicz
( 1980), the flux rate should be -0.12 - 6.00mg·m- 2·day- 1•
Phosphate is another important nutrient species that has been investigated. Again,
some of the highest values reported arc those by Callender and llammond (J 982) (285.6
mg·m·· 2·day- 1). Zimmerman ct al. ( 1985) conducted a study in a nearshore estuarine
environment and concluded that > 99% (7. 92 mg·m· 2·day- 1) of the dissolved reactive
phosphate entering the water was due to groundwater seepage.
Several investigators have attributed nutrient flux to invertebrate irrigation, and there
is no doubt these animals play an important role in sediment irrigation and nutrient
transport. However, the data to date suggest that SOWD in shallow environments plays
the dominating role. In other studies off Key Largo, Plorida I have observed seepage
meters to become partially anaerobic, bcnthic invertebrates to succumb to the lowered
·oxygen levels and expire, and yet the discharge rate remained the same (unpublished
data). The relationship between SGWD with and without the presence of invertebrates
deserves closer attention, particularly in estuarine environments.
The data reported here show that ammonia nux into the shallow 7.one off Chincoteague
is the highest reported thus far in the literature. I Iighcr flux rates for phosphorus (DRP)
have been reported by other investigators (Table 5). The important comparison is
between the Chincoteague and Steelman's Landing sites. Chincoteague represents an
environment where fresh, groundwater is pumped from the Wallop's Island area for
human consumption in Chincoteague {Penncma and Newton 1982). The water, after
being used, is d~scharged into septic tanks and then into the groundwater on the island.
The water is then able to make its way directly into the bay. J\t our study site, there
were no woods or marsh buffer and the phosphate and ammonia data collected were
correspondingly high. At Steclman's Landing, groundwater beneath cropland showed
high nitrate levels (22.0 mg/L), but these high concentrations did not translate into high
ammonia (or nitrate) levels in the SGWD. This possibly may have been due to the
buffering activity of the plant communities in the woodland and marshland areas.
Furthermore, the fact that the concentration of the dirferent nutrient species from the
piezometcrs was generally greater than that collected from the seepage meters suggests
that the microbial community at the sediment/water interface plays an important role
in converting the nutrients to biomass. Submerged rooted aquatic vegetation would
play the same role unless the concentration of nutrients bathing the root system were
toxic.
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SUMMARY
1.

Two sites on Virginia's eastern shore were studied over a short time period with
regard to the role of SGWD as a vehicle for nutrient nux. One area represented a
site of high density human population with little or no plant buffer of groundwater
entering the bay. The other represented an agricultural area buffered from the bay
by a woodland and marshland area.

2.

The data showed that water of lower salinity, under a positive hydraulic head, did
enter the nearshore bay environment with varying concentrations of nutrient
species. Off Steelman's Landing, water of low salinity also was found on the surface
in the marsh habitat. This suggests that much of the fresh, groundwater may be
exiting in the marshland.

3.

Higher concentrations of ammonia and phosphate were measured off Chincoteague.
The data suggest that more attention should he given to the role of SGWD on
nearshore coastal environments when considering the establishment of high density
human populations.

4.

Even though the total amount of nutrients entering shallow marine environments
may be less than that carried in by rivers, the effect of SGWD is site specific at the
sediment/water interface. Moreover, SGWD also could be a vehicle for synthetic
chemicals and toxic metals.
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Nitrogen Cycling in Chesapeake Bay Sediments: Balance
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Nitrogen transformation and recycling processes were investigated at two
stations (10 m, 25 m) in the mesohaline region of Chesapeake Bay in relation
to seasonal patterns of phytoplankton production and bottom water o2
depletion. Intensive sampling at 1-2 wk intervals was done in spring 1986,
and additional measurements were made during spring, summer and mid autumn of
1986-1987. Fluxes of DIN across the sediment-water interface were measured
with core incubations, an~ nitrification (NI) and denitrification (ON) were
estimated using specific inhibitors in intact cores. Annual cycles of DIN
(NH4 plus N03-) flux from sediments to over-lying water followed the seasonal
temperature cycle, with summer rates ca. 5-fold greater than those in early
spring. A mid-spring peak in DIN flux corresponded to an earlier event of
particulate organic nitrogen (PON) deposition, with a temporal lag related to
ambient temperature. Pools of NH4+ in sediment pore-waters increased by more
than an order-of-magnitude from Apr. to Aug. A decline in macrc>fauna and
associated bioturbation during this period may have contributed to the NH4+
accumulation, which was quantitatively equivalent to ca. 10% of the mean DIN
flux across the sediment-water interface. Seasonal patterns of NI and DN were
opposite that observed for DIN flux, with highest rates in spring and fall.
NI rates, which were correlated with sediment redox, approached zero during
incipient hypoxia (< 1 mg o2 L- 1 > of bottom waters in spring. Rates of both
NI and DN were low in summer even at the shallower station which experienced
hypoxia only rarely. It is likely that the reduced depth of o2 penetration
into sediments and accumulation of toxic anaerobic metabolites (e.g., sulfide)
both contributed to loss of NI and DN. Prelininary budgets of H inputs and
outputs to and from the sediment surf ace revealed that in spring inputs of PON
exceeded outputs of both NH 4 and N2 , which fluxes were themselves similar to
one another. By Aug., recycling flux of NH 4 to overlying water was greater
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than the input of PON, and DN was virtually eliminated, especially at the
deeper (anoxic) station. The importance of NH 4 + recycling in support of
phytoplankton production is demonstrated, as is the effect of DN in reducing
NH 4 + availability for algal growth.
It is suggested that any increase in
bottom water o2 concentration in summer (through, for example, reduced
eutrophication) would have the effect of enhancing DN and further decreasing
NH 4 + availability for phytoplankton.
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Variability of Groundwater Nitrate Concentrations in
Non-Agricultural Ecosystems
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and J. L. Sta"
U.S. Department of Agriculture-ARS
Environmental Chemistry Laboratory
Beltsville Agricultural Research Center
Beltsville, Maryland 20705
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ABSTRACT
Results from several recent watershed-scale
studies suggest that removal of fertilizer N03- from
laterally moving, shallow groundwater occurs in forest
and marsh lands adjacent to agricultural systems, thus
mitigating the impact of N03- pollution of both groundand surface waters by agriculture. To date, the precise
mechanisms responsible for this observation remain
unclear. This study was initiated to investigate the
removal of groundwater N03- in non-agricultural
ecosystems and to study the mechanisms controlling this
process. A site was located on Maryland's Eastern
Shore, and contained an established agricultural field,
abutted by a grass buffer strip, a forest, and a marsh,
all adjacent to the Wye River. Each ecosystem was
sampled with groundwater wells located along transects
which followed the downgrade of the surface topography,
with the agricultural field at the highest elevation and
the marsh at the lowest elevation. Nitrate analyses of
these wells indicated a general trend of decreased
groundwater N03- concentration under the
non-agricultural ecosystem. However, in 3 of the 8
wells located in the forest decreased N03concentrations were not observed. Predicted No,concentrations in these wells based on c1concentrations indicate that, even in a re la ti v.e~ly
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homogeneous sandy aquifer, preferential flow paths of
groundwater may exist, which contribute to the
variability observed. Therefore, caution must be used
in defining the role of non-agricultural ecosystems in
mitigating N03- of groundwater when data are based on
only a few well transects.
INTRODUCTION
The fate of nitrogen fertilizers applied to soil
is an area of primary importance in agricultural
research, and there is an increasing concern over the
impact of nutrients derived from agricultural systems on
surface and groundwater quality. Nitrates from
agriculture have been implicated in the declining
quality of the Chesapeake Bay (U.S. Environ. Protection
Agency, 1983). These conclusions have come primarily
from surface runoff studies of heavily manured
agricultural lands. Less attention has been given to
investigating the impact of groundwater nitrate loading
to the Chesapeake Bay from adjoining cropland.
Several recent studies have shown that
non-agricultural ecosystems can act as filters in
removing N03~ from shallow groundwater draining
agricultural lands. Nitrate movement from agricultural
fields into forested land was monitored along nine well
transects in a 1568 ha. watershed by Lowrance, et al.
(1984). Seasonal mean concentrations of N03-N were
always found to be significantly higher in field wells
than in the non-agricultural areas. No conclusive
evidence was given regarding the process by which the
riparian forest reduced the No3- levels, however,
decreasing ratios of N03-N:Cl from the field to the
streams indicated that biological processes (plant
uptake and denitrification) were important in the
removal of N03-N.
Along two groundwater well transects from a corn
field into a forested area, Peterjohn, et al. (1984)
found N03- concentrations of shallow groundwater inside
the forest to be about an order of magnitude lower than
in the corn field. These N03- losses were estimated to
be about 1/3 uptake by forest vegetation and 2/3 by
denitrification, however, direct measurements of
denitrification were not done.
In another study Jacobs and Gilliam (1985)
measured N03-N concentrations of 7 to 8 mg/L in the
subsurface drainage water at the edge of a forested
area. Apparent passage through about 16 to 47 m of the
forested area resulted in a drop to <O.l mg/L N03-N. It
was speculated that denitrification was the primary
mechanism of N03- removal, rather than N uptake by
vegetation or dilution by deep seepage water.

Other studies have also reported similar findings
of decreased groundwater N03- levels in riparian zones
(Schnabel, 1986; Cooper, 1986; Davidson et al., 1986).
Despite the general similarity of results of these
previous studies, the precise mechanisms have not been
clearly determined.
Possible mechanisms responsible for
these observations may include: i) dilution of shallow 1
high N03- groundwater by upwelling of deeper, low No 3 groundwater, ii) dilution by low No3- recharge percolate
in the forest area, iii) microbial denitrification in
the shallow groundwater, and iv) plant uptake of N03-.
The objective of this report is to describe the extent
of variability of groundwater N03- concentrations in
non-agricultural ecosystems bordering agricultural
land. Our data are preliminary but are important
because of their implications on future sampling
strategies of this and other similar studies.
MATERIAL AND METHODS
The study site is located adjacent to the Wye
River in the Eastern Shore region of Maryland at the Wye
Research and Education Center near Queenstown, Md.
The
agricultural soil is a well-drained Matapeake silt loam
(fine-silty, mixed, mesic, Typic Hapludult) underlaid by
sand. The site consists of an agricultural field,
abutted by a narrow grass buffer strip, forested land
and. a marsh which is located on the river's edge.
The
agricultural land had been cropped to corn in 1984
(moldboard plow tillage) and has been in soybeans since
1985. The grass buffer strip is used as an access road,
and the forest ecosystem is a small patch of deciduous
woods which is bordered by pine trees on the eastern and
western edge and a Phragmities marsh to the south (Fig.
1).
In 1985 a preliminary investigation of the site was
initiated. Piezometers were installed in each of the 4
ecosystems (field, grass, forest, and marsh) at the top
of the water table (located ca. 0.5 to 1.5 m below the
soil surface). These piezometers consisted of ceramic
candles attached to 1.5 m lengths of 3/4" polyvinyl
chloride (pvc) pipe. Groundwater samples were collected
for N03- analyses by drawing a vacuum on the pvc pipe
and subsequently collecting groundwater which
accumulated in the pipe with a tube attached to a
syringe.
In 1987 a network of groundwater wells was
installed at the site.
These wells were pvc pipe (3/4"
diameter, screened 60-120 cm) which were installed below
the surface of the water table. Water samples were
collected from the wells in the summer and fall of 1987
and in the winter of 1988 for N03--N and c1- analyses.
Groundwater heights were also determined at these
sampling times. Groundwater N03-N (N03 + N02) levels
were determined by an automated cadmium reduction method
(Technicon Autoanalyzer II, Industrial Method # 100-70W,
1973). Chloride was determined using the colormetric
ferricyanide orocedure (Am. Pub. Health Assoc •• 1985).
2N

RESULTS AND DISCUSSION
From preliminary sampling of the study site,
conducted in 1985, it was observed that at the edge of
the agricultural field groundwater N03-N concentrations
were approximately 13 mg-N/L, and concentrations
decreased markedly in the adjoining grass buffer strip
where levels of ca. 6 mg-N/L were observed. The water
below the forested area contained very low N03- levels
(ca 0.5 mg-N/L), and groundwater N03- concentrations
below the marsh were undetectable.
These results
corroborate earlier work which indicates that
non-agricultural ecosystems may act as buffers to remove
agriculturally derived N03- in shallow, laterally moving
groundwater (Jacobs and Gilliam, 1985; Lowrance et al.,
1984; Peterjohn, 1984).
Based on these preliminary results, the site was
extensively instrumented with groundwater wells in
1987. Wells were established in a pattern which roughly
followed the surface topography from the field, grass,
forest, and marsh (Fig. 1).
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Map of study area indicating groundwater well locations.

The general slope of the land surf ace topography
along with water table heights at different times of the
year are shown in Fig. 2. Groundwater gradients were
found to follow the general direction of the surf ace
275

SURFACE ELEVATION
2
(/)

a:

w
w

1-

l
MARSH
{"SURFACE

l:

.................. ························································

0

FOREST

MARSH

FIELD

GRASS

-1

l

GROUNDWATER HEIGHT (Summer; June 22, 1987)
GRADIENT • 0.84%

(/)

a:

w
w

I-

0

I:

-1

l

GROUNDWATER HEIGHT (Fall; Sept, 11, 1987)
GRADIENT • 0.51%

(/)

a:

w
w

I-

0

I:

-1

l

GROUNDWATER HEIGHT (Winter; January 29, 1988)
GRADIENT• 0.18%
........ "c)~"...:.;":..:.;":.:..":...:.';.:.".:..:.".:..:."~'a~··:..:..··:..:..·!."-'•.). . ........
:.' -90.....................~o~·. . . . . . . .-E·e~----E> ........ .

(/)

a:

w
w

I-

0

MARSH

I:

FOREST

GRASS

FIELD

-1

0

15

30

45

60

75

90

105

120

DISTANCE FROM RIVER (METERS)
Figure 2. Surface elevation of land topography and seasonal
water table heights relative to the height of the marsh.

topography, however, neither water table heights nor
gradients were constant over the year. In the summer,
groundwater gradients were greatest (0.8 %) and a low
point in the water table was observed in the second
series of wells located in the deciduous forest (wells
WS, W6, and W7). During the Fall, groundwater levels in
all wells (except the marsh wells). dropped, and the low
water table zone in the forest wells became more
pronounced. In the winter, recharge water caused the
water levels in the wells to rise and the gradient from
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field to forest decreased to 0.18%.
It is hypo~hesized
that the low forest water table zone observed during the
summer and fall resulted from low rainfall (1987
precipitation was 30 cm less than the 30 year average)
combined with high transpiration rates by the deciduous
trees. Also, in the forested area, laterally moving
groundwater may be coming from both the agricultural
lands and the river.
Chloride concentrations in the wells support this
hypothesis (Fig. 3).
In the center and west edge of the
sample site c1- levels in the forest wells ranged from
600 to 1000 mg c1-;L which are approximately 20 to 40
fold higher than Cl- concentrations in the field
(average concentration 26 mg/L). However, along the
east edge of the site, Cl- concentrations in the forest
wells were similar to those observed in the agricultural
field.
Chloride concentrations in the river were the
same as those of the marsh wells.
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Chloride concentrations of qroundwater alonq the East
edge, West edge, and center of the study site.

Average N03- concentrations in the shallow
groundwater below the agricultural field are presented
in Table 1.
In this area No3- exhibited a higher degree
of spatial variation than temporal variation.
Coefficients of variation in this area ranged from 34 to
46% on any given sample date, but variability over time
for a given well was low (CVs 8-19%).
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Table 1. Nitrate concentrations of individual
agricultural field wells for each sampling date.
Well a

6/22/87

Sampling date
9/11/87 10/25/87

---------------7.9

1/29/88

F6

8.6
9.5
3.5
3.1
8.5
4.5

8.6
5.4
3.2
8.3
dry

N03- mg-N/L
7.8
7.0
9.8
8.2
4.7
4.3
3.0
3.3
8.1
10.8
dry
4.0

Mean
\CV

6.3
46

6.7
34

6.7
42

Fl
F2
F3
F4
PS

Mean

icvb

--------------0.s
7.8
8.3
18
19
15

9.0
4.5
6.5
8.9
4.3

6.3
46

awell designations ref er to those indicated on Fig l .
bcoefficient of variation (\).

Variability of N03- in the grass strip was lower
than the field and was relatively constant both
temporally and spatially with CVs in the range of 25%
(Table 2).
Table 2. Nitrate concentrations of individual grass
strip wells for each sampling date.
we11a

6/22/87

Sampling date
9/11/87 10/25/87

---------------4.5

Gl
G2
G3
G4

3.7
4.0

5.1

3.1

3.9

N03
5.1
3.7
2.7
4.0

Mean
\CV

4.2
24

4.6
12

3.9
25

s.s

s.o

1/29/BB

- mg-N/L

2.7
3.1
3.7
2.5

·Mean

\CVb

---------·-----4.0
4.0
4.2
3.4

25
21
31
21

3.0
17

awell designations refer to those indicated
bcoefficient of variation (\).

on Fig 1.

Groundwater N03- concentrations in the forest
showed a higher degree of spatial variability (Table
3). Coefficients of variation for the two Fall sample
dates were ca. 20%, however in the summer and winter,
CVs exceeded 100%. The reason for this appears to be a
spatial heterogeneity in the forest area. The wells in
the center and along the west edge of the deciduous
forest area were dry during the fall (wells W2, W3, W5,
W6, W7). In the summer and winter, when water was
present, these wells typically contained low N03levels. However, the wells located on the east edge of
the forest area (wells Wl, W4, W8) contained water on
all sample dates and supported nitrate levels similar to
those observed in the agricultural field.
Groundwater N03- in the marsh were undetectable on
all sample dates (detection limit 0.1 mg-N/L).
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Table 3. Nitrate concentrations of individual forest
wells for each sampling date.
we11a

6/22/87

·Sampling date
9/11/87 10/25/87

---------------8.6

1/29/88

Wl
W2
W3
W4
W5
W6
W7
W8

5.1
0.3
1. 2
8.2
0.2
0.2
0.2
6.0

dry
dry
6.2
dry
dry
dry
6.0

N03- mg-N/L
9.5
7.1
dry
0.2
dry
0.1
5.5
6.1
dry
3.7
dry
0.7
dry
0.3
6.5
5.8

Mean

2.7
120

6.9
20

7.2
29

\CV

Mean

\cvb

---------------7.6
24
0.3
0.7
6.5
0.3
0.5
0.3
6.10

19

4.9

3.0
100

&well designations refer to those indicated on Fig 1.
bcoefficient of variation (\).

Groundwater N03-N concentrations at the site are
inversely correlated to chloride levels (Fig. 4). This
correlation indicates that water from the river may be
entering the groundw~ter wells located in the forest,
thus, diluting the No3-.
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Correlation between N03- and c1- concentrations for
individual wells in the study site. Regression equation:
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To investigate the magnitude of this dilution
effect, predicted N03--N concentrations were calculated
for the wells based on the average c1- concentration of
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each well and the N03-N concentrations observed in the
agricultural field (Fig. 5).
This calculation corrects
the No 3 -N concentrations in the wells for dilution by
river water.
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Along the east edge of the site, predicted N03-N
concentrations roughly corresponded with measured N03-N
concentrations, indicating that nitrate is essentially
unaltered as it moves from the field through the
forest.
Implicit in this interpretation is the
assumption that the forest wells are actually being fed
by groundwater which contains N03- levels similar to
those observed in field wells Fl and F3. An expanded
well network is needed to confirm or refute this
assumption.
In the center and west edge of the field a
discrepancy exists between actual and .Predicted N03concentrations.
Since dilution of agriculturally
derived N03- by salt water intrusion from the river has
been accounted for, the difference between actual and
predicted N03- concentrations are due to either : i)
denitrification, ii) plant uptake, or iii) dilution by
low N03- recharge.
Studies are currently underway to
differentiate the relative importance of these
mechanisms.
SUMMARY
Along the west edge and center of our study site
we observed decreased groundwater N03-N concentrations
in the grass and forest ecosystems.
This observation is
similar to the pattern of decreased N03-N concentrations
in non-agricultural ecosystems reported in previous
studies. However, along the east edge of the site,
N03-N concentrations were similar in the field, grass,
and forested areas, indicating that non-agricultural
ecosystems had little effect on groundwater N03-N
levels. The reason for this discrepancy is unclear but
is is possible that: i) along the east edge of our site,
the forest wells are being fed with groundwater which is
higher in N03- than that present in the agricultural
field or ii) nutrient cycling processes are different in
the pine forest.
In any case it is evident that our
system is not as simple as indicated by previous studies
reported in the literature.
Past studies may have may
have relied on inadequate sampling or, on the other
hand, a real difference could exist between our site and
others.
Before any 'firm conclusions can be drawn
regarding the mechanisms of N03- removal by the
non-agricultural ecosystems at our site, the reasons for
the spatial heterogeneity of groundwater N03- in the
forest ecosystem must be elucidated.
This will require
a more detailed hydrological description of the site.
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Chesapeake Bay Sediment Monitoring for Water Quality Model Development
Lewis C. Linker
EPA Chesapeake Bay Program
410 Severn Avenue
Annapolis, Maryland 21403

INTRODUCTION
The Chesapeake Bay Program has a comprehensive mcxleling strategy consisting of three
mathematical water quality models: the Watershed Model, the Steady State Eutrophication
Mcxlel, and the Time Variable Eutrophication Model. The Watershed Mcxlel covers the
entire 64,000 square miles of the Bay drainage basin and simulates pollutant loads
delivered to the Bay from various land use, population, and point source treatment
scenarios. Essentially complete, the Watershed Model is undergoing a series of
refinements which will be concluded in 1989. The Steady State Mcxlel is designed to give
an initial estimate of the relationships among nutrients, eutrophication, and anoxia, and to
provide an initial evaluation of proposed nutrient control strategies. The Steady State Model
was completed in the spring of 1987 and is fully successful in its application. The Time
Variable Model will improve nutrient control strategy evaluation by projecting the degree
and timing of the Bay response to contr0l actions. The Time Variable Model will be
capable of short-term simulations of critical episcxlic events (e.g. pycnocline tilting) and
long-term simulations of about 30 years. Work was initiated on the Time Variable Mcxlel
in October 1987, and will be completed in 1991.
Steady State Mcxlel results provided important guidance for the development of the Time
Variable Mcxlel (HydroQual, 1987). Among the findings of the Steady State Mcxlel:
o The decline in dissolved oxygen (DO) in the bottom waters of the Bay
between 1984 and 1985 was due to increased sediment oxygen demand (SOD),
phytoplankton resperation, and bacterial oxidation.
o Bottom sediments were the largest source of dissolved inorganic phosphorus
(DIP) and ammonia nitrogen during the summers of 1984 and 1985 (the simulated
time pericxl).
o Bay DO and algae are controlled largely by SOD and sediment nutrient flux.
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Only management actions that reduce SOD and sediment nutrient flux
improve Bay water quality to any significant degree.
The strong linkage between Bay sediments and water quality requires a multilayer sediment
model to be incorporated into the Time Variable Model framework.
o

The sediment submode! will have three components: net deoosition of particulate organic
matter (POM), diagenesis of POM to dissolved inorganic components within the sediment,
and nutrient flux, the movement of the dissolved inorganic nutrients from the sediment to
the water column (Figure 1). Detailed modeling of Bay vertical processes requires an
intensive sediment monitoring program to provide necessary data for model formulation,
calibration, and verification. The sediment monitoring program described below will begin
in April 1988 and continue for one year.
The sediment monitoring program is a cooperative effort of the Chesapeake Bay Program's
Modeling and Monitoring Subcommittees with expert assistance from HydroQual, Inc.,
the participants of the Sediment Processes and Sediment Modeling Workshop, and the
U.S. Army Corps of Engineers. The generous cooperation of the principle investigators
participating in the sediment monitoring program is gratefully acknowledged. They are:
Walter Boynton, Michael Kemp, Johnathan Garber, Peter Sampou, and Jeff Cornwell,
University of Maryland; Richard Wetzel, Larry Hass, and Bruce Neilson, Virginia Institute
of Marine Science; David Burdige, Old Dominion University; and Grace Brush, Johns
Hopkins University.

EXISTING SEDIMENT DAT A
Since 1984, the Maryland Department of the Environment (then the Office of
Environmental Programs) has supported an integrated sediment, water column, and
phytoplankton monitoring program called SONE (Sediment Oxygen and Nutrient
Exchange) (Boynton et al., 1987). SONE focuses on the exchange of material between
sediment, water column, and phytoplankton in the upper and mid-Bay (Figure 2).
Incubated sediment cores are used to measure SOD and nutrient flux, and vertical arrays of
sediment traps are used to measure movement of material between the sediment and water
column. This ongoing study is foundational to the sediment monitoring program. The
SONE study allows the use of an existing data set for a large portion of the Bay, and
informed judgment as a guide for the sediment monitoring program. Other important
studies of Bay vertical processes can be found in an excellent review and synthesis by
Garber (1987).

REQUIRED SEDIMENT DATA
The close linkage between data collection and model development requires correct
anticipation of data needs. Effort is concentrated on the mainbay and on lower estuary sites
of major tributaries.

Sediment station locations
The sampling plan has a total of 25 stations located along the mainstem channel axis and in
the lower tributaries (Figure 2). Stations 2, 4, 5, 7, 9, 10, 11, 12, 13, and 14 are existing
SONE program stations (Boynton et al., 1987). Stations 6, 7, and 8 are the mid-Bay
transect stations and include shallow lateral stations and a deep water station of a previous
study (Malone et al., 1986). Stations 20, 21, and 22 are lower Bay transect stations.
Lateral transect stations are used in the mid-Bay and lower Bay to capture aspects of the
vertical exchanges between nutrient generating deep waters and adjacent biologically
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productive shallow shelves (Malone et al., 1986). The mid-Bay transect stations are
approximately centered in the area of summer anoxia. Southern transect stations are in an
area of summer hypoxia (U.S. EPA, 1983).
There is very little existing information on lower Bay sediment/water column exchanges.
Lower Bay stations 20, 21, 22, 24, and 26 are located according to homogeneous sediment
types identified by Wright et al. (1986) as: estuary mouth shoals and spits, Bay-stem
plains, Bay-stem channels, lower estuary or shallow bay muddy beds, and Bay mouth
shoals respectively. The remaining eight stations are located relative to the 2-D model
segmentation scheme. All sediment stations are located close to CBP water column
monitoring stations.

Net Deposition
The net deposition component of the model simulates the input of inorganic and organic
matter to the sediments. Remineralization of organic matter within the sediment provides
material which contributes to SOD and dissolved nutrient fluxes. Inorganic matter
contributes to sedimentation and advects organic inputs down into the sediments.
Measurements of the net input of organic and inorganic matter to the bottom will be used to
calibrate net deposition.
Two vertical array sediment traps will measure the net flux of solids across various water
column layers and to the bottom. Each vertical array trap has three pairs of particle
collectors located above the pycnocline, just below the pycnocline, and just above the
sediment, as in the SONE program (Boynton et al., 1987). Particulate organic nutrients
(particulate organic carbon [POC], particulate organic phosphorus [POP], particulate
organic nitrogen [PON], particulate organic silica [POSi]), total solids, BOD, chlorophyll a
and pheophytin, and general algal classification will be determined from the collected
particulates. Algal identification of three broad functional groups (diatoms, non-diatom
eucaryotes, and picoplankton), will provide information on phytoplankton occurrence, cell
size, and settling rate. Sediment traps are located at two stations: station 7, an existing
SONE station in the mid-Bay transect, and station 21 in the lower Bay transect. The
sampling schedule results in 25 sampling periods a year with intensive weekly sampling in
summer months between July and mid-September. Data from the sediment traps will be
used for calibration of net deposition.
Sediment particulate organic profiles will be measured to determine the particulate organic
material (POC, POP, PON, POSi, particulate organic sulfur [POS]) deposited over the
years modeled in the long term simulations. The vertical distribution of bulk POM will be
matched with coincident determinations of average sedimentation rates in duplicate cores.
Radionuclide (14C) and pollen dating techniques (Brush, 1984; Brush et al., 1982) will be
used to determine average sedimentation rates, with particular emphasis on the profile
between 1950 and the present. From this, long term average net deposition of refractory
organic matter will be determined. The vertical profiles of particulate organics will be
determined at all stations. Vertical profiles of pore water concentration will further
characterize sediment composition at most sediment stations (Table 1).

Dia genesis
The diagenesis component of the model simulates the transformation of POM inputs to
dissolved inorganic nutrierlts. There are three fractions of diagenic material: a labile
fraction, a refractory fraction, and an inert fraction. These are empirical classifications
based on a fraction that is fast reacting (labile) and is in thermodynamic equilibrium, a
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TABLE 1. SEDIMENT PLAN ACTIVITIES, STATIONS, AND SAMPLING
FREQUENCY.
ACTIVITY
Nutrient Flux

METHODS
ambient
shipboard

STATIONS
3,4a,6, 7a,8,16, 17, 18,
20,22,23,24,25,26
4*,5* ,9* ,10* ,11 * ,12*,
13* ,14*
2*,7*,2

SAMPLING
FREQUENCY
2 periods
4 periods
6 periods

anaerobic

same as above

same as above

transitive

2*,7*,21

6 periods

acetlyene
blockage

3,4a,7a, 16, 18,20,21
4,14
2,7,21

2 periods
4 periods
6 periods

nitrification
(N-serve)

2,7,21

6 periods

t5N

2 stations"

2 periods

Sediment
Traps

vertical array
particle traps

7*,21

25 periods

Particulate
Organic Profile

depth profile
ofPOM

all stations

1 period.

Pore Water
Profile

pore water
concentration

2,3,4,4a,5,6,7,7a,8,9,10,
11,12,14,16,18,20,21,22

1 period

Recent Rates of pollen dating
Sedimentation

all stations

1 period

Long Tenn
Diagenesis

2,3,4,4a,6,7 ,7a,8, 14,
16,17** ,18,20,21,22,
23** ,24** ,25** ,26**

1 period

Denitrification

sulfate
depletion

* SONE stations
"Not Determined
** two sample pericxls for surface sediments
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fraction that is slow reacting (refractory) but has kinetic rates that are important to the
model, and a fraction (inert) that does not react within the time frames of the model. The
kinetic rates for these three fractions must be determined for the diagenesis component of
the model. Organic material is transformed at rates which are a function of temperature, the
degree of anoxia, the amount of organic matter present, the presence of other chemical
constituents, and the sedimentation rate.
The sediment in the Bay contains a considerable amount of the refractory organic fraction
that has not undergone complete decomposition. This heterogeneously distributed organic
portion of the sediment continues to exert considerable SOD and contribute to nutrient flux
from the sediments. Long term diagenesis will be determined from main-Bay and southern
Bay tributary stations. Diagenesis rates will be determined by long-term sulfate depletion
studies on sediment slurries from three sediment depths: a surface (0-2 cm) sample of
recently deposited material, sediment of a "medium" age collected at a depth between 6 and
8 cm, and older deep sediments collected between 12 and 14 cm. Sediments will be
incubated for 50 to 250 days. Total carbon dioxide (:LC02), NJLi, N02, N03, P04, Si,
S03, lli2S, Cfii, and pH will be measured over time.

Nutrient flux
The flux component of the model completes the sediment cycle by returning inorganic
nutrients to the water column. Model calibration requires extensive temporal and spatial
coverage of SOD and nutrient flux measured under ambient bottom water conditions.
Shipboard measurements of incubated intact cores will be the primary method of data
collection. Cores will be collected and maintained at ambient conditions. Some
observational measurement will be made of the effects of bioturbation. Fluxes of 02,
Nfii, N02, N03, P04, Si, S03, :LC02, CRi, and LH2S will be measured. Hydrogen
sulfide flux will be measured at stations with overlying water DO < 1.0 mg/L.
Nutrient flux studies have three sampling frequencies. Eight stations (4, 5, 9, 10, 11, 12,
13, 14; the SONE stations) have a sampling frequency of four periods. Three stations
(2, 7, 21) have a high sampling frequency of six sampling periods. The remaining
stations (3, 4a, 6, 7a, 8, 16, 17, 18, 20, 22, 23, 24, 25, 26) have a low sampling
frequency of two periods. Denitrification measurements have the same sampling
frequencies as nutrient flux measurements but are limited to nineteen main Bay stations.
The sampling scheme is not systematic with respect to time; rather, sampling periods are
established to coincide with an annual cycle of benthic processes. Sampling frequencies
are based on the experience gained from the SONE program. All sediment stations with
four or more sampling periods are sampled according to the following SONE sampling
periods: "(1) a period (April-May) when the early spring phytoplankton bloom occurs, and
nutrients (particularly nitrate) are high in the water column, (2) a period influenced by the
presence of a large macrofaunal community (spring-early summer), (3) a period during
which macrofaunal biomass is low but water temperature and water-column metabolic
activity are high and anoxia is prevalent in deeper waters (August), and (4) a period in the
fall when anoxia is not present and the rnacrofaunal community biomass is low but
reestablishing" (Boynton et al.,1987).
To improve temporal coverage of sediment nutrient flux and denitrification, three high
frequency stations have two additional sampling periods. Additional sampling periods
include: (1) a period in the winter (December - early March) when anoxia is not present,
metabolic activity is low and nitrate is increasing in the water column, and, (2) a period in
the early fall (September) just prior to the break-up of anoxia .
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The majority of the stations (14 out of a total of 25 stations) have a low sampling frequency
of two periods; one sample period when anoxia is prevalent in deeper waters (August), and
one when anoxia is not present (spring-early summer). Location and frequency of the
various field and laboratory measurements are described in Table 1.
Paired with the measurement of ambient nutrient flux are measurements of anoxic fluxes.
Anoxic fluxes are measured at all stations with the same frequency as ambient fluxes.
Anoxic fluxes are designed to measure rapid, short-term changes in flux due to the die-off
of benthic infauna and the rapid chemical changes caused by decreasing oxygen
concentrations and oxidation-reduction potential. Pore water concentrations of~. N02,
N03, P04, Si, S03, LC02, Cf4, LH2S, Fe, Mn, and pH will be measured with shortterm anoxic incubations of surficial (0-2 cm) sediment.
Denitrification is a major sink for nitrogen in the Bay and has seasonal and region-specific
properties which must be delineated for successful sediment model development (Twilley
and Kemp, 1985). Three methods for measuring denitrification will be used. At all
stations sampled, an acetate inhibition method will be used with the same sampling
frequency as for nutrient flux. Acetate inhibits the final reaction (with N2 the product) of
the denitrification reaction path. This allows the analysis of an intermediate product
concentration without the problem of background contamination. Nitrification potential
will be measured at a limited number of stations by N-serve treated control sediment
slurries, an inhibition technique that prevents nitrification in the treated slurries. Control
slurries will be compared to untreated test cores. Calibration of the denitrification and
nitrification measurements will be with 15N labeled nitrate and ammonia respectively.
Details of sampling periods and times are in Table 1.

CONCLUSION
Work on acquiring data for calibrating the sediment submode! will be initiated in April,
1988. The sediment monitoring program is based on the consensus recommendations of
the expert panel of the Sediment Processes Workshop, and the Modeling and Monitoring
Subcommittees of the Chesapeake Bay Program. The sediment data outlined above are
essential to the Time Variable Model of the Chesapeake Bay.

290

REFERENCES
Boynton, W.R.; Kemp, W.M.; Garber J.; Barnes, J.M. Sediment and water column
interaction in the Chesapeake Bay. In: State of the Chesapeake Bay Second Annual
Monitoring Report. 1987.
Brush, G.S.; Martin, E.A.; Defries, R.S.; Rice, C.A. Comparisons of 210Pb
and pollen methods for determining rates of estuarine sediment accumulation. Quater.
Resear. 18:196-217; 1982.
Brush, G.S. Stratigraphic evidence of eutrophication in an estuary. Wat. Res. Resea.
20(5):531-541; 1984.
Garber, J.H. Benthic-Pelagic Coupling in Chesapeake Bay. In: Perspectives on the
Chesapeake Bay: Recent Advances in Estuarine Sciencies. Eds: M.P. Lynch and E.C.
Krome, Chesapeake Research Consortium. Gloucester Point, VA. 1987.
HydroQual, Inc. Development of a coupled hydrodynamic/water quality model of the
eutrophication and anoxia process of the Chesapeake Bay. EPA Contract No. 68-03-3319.
Annapolis, MD. 1987.
HydroQual, Inc. Workshop Number 2: Sediment processes and sediment modeling
workshop, December 2-3, 1987. USCOE Contract No. DACW39-88-C-0004. U.S. Army
Corps of Engineers, Baltimore District. Baltimore, MD. 1988.
Malone, T.C.; Kemp, W.M.; Ducklow, H.W.; Boynton, W.R; Tuttle, J.H.; Jonas, R.B.
Lateral variation in the production and fate of.
Twilly, R.R.; W. M. Kemp. Preliminary results on the significance of sediment
denitrification to the fate of nitrogen in the Chesapeake Bay. Final report to the EPA
Chesapeake Bay Program. Annapolis, MD. 1985.
Wright, L.D.; D.B. Prior; C.H. Hobbs; R.J. Byrne; J.D. Boon; L.C. Schaffner; M.0.
Green. Spatial variability of bottom types in the lower Chesapeake Bay and adjoining
estuaries and inner shelf. Estuarine, Coastal and Shelf Science, Vol. 24, P. 765-784.

1987.

291

CONCURRENT SESSIONS
AND
POSTER SESSION:

PHYSICAL PROCESSES
Chairs:
William Boicourt
Hom Point Environmental Laboratory
University of Maryland

Evon P. Ruzecki
Virginia Institute of Marine Science
College of William and Mary

Understanding the Estuary: Advances in Chesapeake
Bay Research. Proceedings of a Conference. 29-31
Morch 1988. Baltimore, Maryland. Chesapeake Research
Consortium Publication 129. CBPITRS 24188.

Abstract only

Hampton Roads Circulation: The Combined Effects
of General and Meso-Scale Features
Evon P. Ruzecki and David A. Evans
Virginia Institute of Marine Science
The College of William and Mary and
Gloucester Point, Virginia 23062

Historical data sets from the Hampton Roads region of the James River
estuary and the James River Hydraulic Model obtained in 1964 and 1968
respectively are re-examined with respect to hypothesized net cyclonic
transport in the lower James and a meso-scale circulation feature associated
with a more recently examined (1987) frontal feature in this region. The 1964
data illustrate the development and decay of an upstream-directed subsurface
jet-like feature during flood tide which coincides with the newly described
front while subsequent hydraulic modal data indicated net cyclonic transport
in the lower James over several tidal cycles. The combined effects of both
circulation features are examined with respect to recirculation of oyster
larvae spawned upstream and the upstream directed injection of salt and
municipal/industrial contaminants from the Hampton Roads region. Effects of
these circulation patterns are illustrated by sequential 'openings' of
upstream shellfish beds which were closed as a result of a recent (1985)
sewage treatment plant incident in the lower James.
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Understanding the Estuary: Advances in Chesapeake
Bay Research. Proceedings of a Conference. 29-31
March 1988. Baltimore, Maryland. Chesapeake Research
Consortium Publication 129. CBPITRS 24188.

Abstract only

A Theory of Tidal Intrusion Front and its Practical Application
Albert Y. Kuo and Robert J. Byrne
Virginia Institute of Marine Science
The College of William and Mary
Gloucester Point, Virginia 23062

Paul V. Hyer
Kentron Inc.
303 Butler Farm Road
Hampton, Virginia 23666

A one-dimensional analysis for a two-layer fluid was formulated to
describe the characteristics of a tidal intrusion front. The analytical
result relates the vertical transport through the front (i.e., the diving
depth of the heavier fluid) to the densimetric Frounde number of the
approaching flow and the depth change across the front. It also defines a
critical Froude number, above which no steady state solution exists.
Interpretation of the result provides information on the movement and maximum
transport capacity of the front.
The theory was used to interpret the characteristics of the front
observed off Newport News Point in the lower James/Hampton Roads of Virginia.
Because of the phase difference between the tidal currents on the two sides of
Newport News Point, a convergent zone is formed at early stage of flood tide.
The density difference between the two water masses is large enough to make
the more saline Hampton Roads water dive beneath the fresher water of the
lower James, thus form a tidal intrusion front. The front moves upriver as
flood current strength increases, slows down and intensifies as it encounters
a steep drop of bottom elevation. The observed diving depths of heavier water
were explained by the theoretical result.
The theory was used to predict the impact of a proposed man-made island
on the frontal characteristics, particularly its ability to entrain oyster
larvae to the lower portion of water column in which the net transport is
upriver toward seed oyster beds. A 400 acre island was proposed to be
constructed on the Hampton Flats, a shallow embayment on the north side of
Hampton Roads, which is a broad water body at the mouth of the James River.
The proposed island would be located immediately downriver of the front. Its
effect on the flood current approaching the front was quantified with a twodimensional (in horizontal plane) numerical model, when combined with
inferences from oyster larvae studies, indicate that the transport capacity of
the front would be markedly reduced by island construction at the proposed
sites.
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Changes in Circulation and Salinity from Increased Channel Depth
in the Baltimore Harbor
Peter Olson

The Johns Hopkins University
Department of Earth and Planetary Sciences
Baltimore, Maryland 21218

Vincent Grano
Space Telescope Sciences Institute
Baltimore, Maryland 21218

1. INTRODUCTION
This paper presents results of numerical simulations of the circulation
within the Baltimore Harbor system, in an effort to determine the
quantitative effects of channel enlargement on the circulation and salt
distribution within the Harbor, subject to the external environmental
conditions found at various times throughout a normal year. The
incentive for this study comes from the plan to dredge the principal
navigation channels in the Patapsco River and in certain segments of the
main stern of Chesapeake Bay. Within the Baltimore Harbor system, the
dredging program calls for enlarging the navigation channels from their
present dimensions, approximately 12.8 meters deep and 244 meters wide
in the main ship channel, to the planned dirnens ions of approximately
15. 3 meters deep and 244 meters wide. The long term average flow
pattern of Baltimore Harbor includes a three-layered gravitational
circulation (Stroup et al., 1961; Boicourt and Olson, 1982; Olson et
al., 1982) . . The magnitude of this circulation depends upon the.depth of
the channel and on the vertical stratification imposed on the Harbor at
its mouth by the main stern of Chesapeake Bay, both of which increase
with dredging.
Figure 1 is a location map, showing points referred to in this paper.
The mouth of the Harbor, which is taken to be the cross section at which
the Patapsco River joins the main stem of Chesapeake Bay, is chosen to
be the line joining Cedar Point on the south shore of the Patapsco with
the North Point on the north shore. Ranked in terms of volume, the
Harbor system has four major branches: Bear Creek, Curtis Creek, Middle
Branch and Northwest Branch. We designate the Middle Branch as being
the head of the Harbor. The mean low water volume of the Harbor system
thus defined is 468xl06 m3 . The largest Harbor tributaries, Bear and
Curtis Creeks, have volumes of 40x10 6 and 26xl0 6 m3 , respectively
(Cronin and Pritchard, 1975). If we exclude all harbor branches, then
the main channel of the Harbor through Middle Branch is 21 km long and
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Figure 1: Reference map of the Baltimore Harbor system showing major
navigation in channels, plus locations referred to in the text.

has a volume of approximately 364xl0 6 m3 • In the outer portion of the
Harbor, beyond Bear Creek, the cross sectional area is approximately
20, 000 m2 • The average surf ace width in the outer portions of the
Harbor is approximately 3 km and the average depth is 7 m. However,
average depth is not a good measure of the Harbor bathymetry, because
the greatest depths occur within relatively narrow ship channels.
Baltimore Harbor circulation has been the subject of study for several
decades (Hachey, 1934; Garland, 1952; Stroup et al., 1961; Wilson, 1970;
Hansen and Rattray, 1972; Hansen and Festa, 1974; Long, 1977; Boicourt
and Olson, 1982; Olson et al., 1982). In addition to the interest in
Baltimore Harbor circulation generated by commercial and environmental
concerns,
it has received considerable attention from physical
oceanographers because it represents a mean flow induced primarily by
small scale mixing processes. The essential physics of the three layer
circulation is represented in the diagrams in figure 2. The low
salinity surface water and the high salinity bottom water from nearby
portions of the Chesapeake Bay enter the Harbor, where they are
partially mixed by the action of the tides and winds. The resulting
water is of intermediate salinity and density. It discharges outward
into the Chesapeake Bay as a mixed layer, at a depth intermediate
between the two incoming layers. Under equilibrium conditions the total
salt content is the same for every cross section, and there is zero net
salt and volume flux through any cross section. Nevertheless, there is
a large volume transport in each of the individual layers. Field
measurements by W. Boicourt (Boicourt and Olson, 1982) indi•::ate three
layer flow velocities range from 2 to 8 cm/sec when averaged over 3 to 7
day intervals.
The classical two-layer estuarine circulation, which is found within the
main stem of the Chesapeake Bay, is evidently not present to any
significant degree within the Baltimore Harbor system. This circulation
is induced by partial mixing between salt water and fresh water derived
from terrestrial run-off (Pritchard and Carpenter, 1960). The absence
of an important contribution from this type of circulatiion can be
explained by the low volume transport typical of the Patapsco River
drainage. The average discharge from the Patapsco River is approximately 2.6 m3/sec and the discharge from the Jones Falls into the Northwest
Branch is significantly smaller than this. If we project the Patapsco
discharge onto the mean cross sectional area of the outer portion of the
Harbor, the resulting mean velocity is only . 013 cm/sec. Thus, even
allowing for the enhancement of a two layer circulation by mixing (which
can amplify the circulation in each layer by a factor 10 or 20) the flow
induced by the Patapsco River discharge, on average, will amount to
significantly less than 1 cm/sec. For this reason, it is justifiable to
neglect the influence of Patapsco River discharge on the laterally
averaged circulation. The exception to this would be brief times
following storm run-off.
2. NUMERICAL MODEL
The numerical model is a finite difference representati()n of the
governing equations for laterally-averaged flow in a stably stratified
shallow channel. We fix a coordinate system with the horizontal x-axis
parallel to the ship channel as shown in figure 1, and the vertical
z-axis positive upward. The origin of coordinates is fixed by mean sea
level at the head of Middle Branch. The domain consists of Middle
Branch plus the main stem of the Patapsco estuary; we exclude from
consideration all other tributaries and branches. The conservation of
horizontal momentum, in laterally averaged form, is
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Figure 2: A schematic diagram showing essential physical processes for
the three-layer density driven circulation. Upper Diagram: Low salinity
surface water and high salinity bottom water from Chesapeake Bay enter
Baltimore Harbor, partially mix, and discharge out of the Harbor as a
mixed layer. Lower Diagram: Typical profiles for salinity and
horizontal velocity.
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The conservation of mass is
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which has the depth integrated form of
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Finally, the equation of state connecting salt to density may be written
p
-=(l+ps)

(5)

Po
In equations (1)-(5), B(x,z) is lateral width, Dis depth, g ls gravity
P is the saline coefficient, Po is freshwater density, k is the drag
coefficient, (Kz, K,..) and (Nz, Nx) are (vertical, horizontal) mixing
coefficients for salt and momentum, respectively. Representation of
vertical mixing by diffusion coefficients is consistent with mixing by
sidewall boundary layer processes (Phillips, Shyu and Salmun, 1987).
The horizontal diffusion coefficients provide numerical stability and do
not strongly influence the solution.
The appropriate boundary conditions are:
i) On the channel bottom, z - -D
os
w=-=O·
oz
,

ou
N -=kulul
zoz

(6a)

ii) On the surface, z - 0
os
w=-=0
oz

(6b)

iii) At the Harbor head, the freshwater influx is ignored, as it makes
a negligible contribution to the circulation. Therefore we have x - 0
os
u=-==O
ox

(6c)

iv) At the Harbor mouth, x - L, we specify the surface elevation
(6d)

The salinity of inflowing water is specified
s=sm(z,t)

u<O,

if

(6e)

and we assume an advective balance for outflow

0

-o

-(sB)=-(usB)
dt
dX

if

u >0

(6f)

In addition to the driving provided by mouth stratification and
fluctuations in sea level, we specify the longitudinal component of the
wind stress
dU
N -=r(t)
% oz

at z= 0
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(7)

The data necessary to initia_ize a run consist
distribution of salinity and surface elevation

of

the

initial

s 0 =s(x,z,t=O)
1] 0

=17(x,t=O)

(8)

Calculations are made for three domains:
i) The base configuration, consisting of the main branch of the
Patapsco estuary plus the Middle Branch, both with a dredged channel
12.8 m deep, 244 m wide, 21 km long, and having a total volume of 264 x
10 6 m3 •
ii) The plan configuration, which is identical to the base
configuration except that the channel is deepened everywhere to 15.3 m,
and 244 m wide. The total volume of the plan configuration is 276 x 10 6
m3.

iii) The ideal rectangular channel. A sequence of calculations is
carried out in a rectangular channel 12.8 m deep, 1 km wide and 21 km
long. The purpose of these simulations is to check our parametric
representation of the three layered flow in an idealized channel, in
which topographic effects are minimized.
The grid used for both base and plan domains consists of 22 equally
spaced cross sections, with 20 grid points in the vertical at each cross
section. The details of the computational algorithm can be found in
Wang and Kravitz, 1980 and Olson et al., 1982. We have carried out the
set of calculations summarized in tables 1 and 2. Table 1 gives the
pertinent data for the steady state calculations, which are driven by
imposing at the Harbor mouth the top and bottom water salinities, and an
astronomical tide. The astronomical tide data was taken from the Fort
McHenry tidal station records. Top and bottom water salinities were
taken from the published results of the Chesapeake Bay Hydraulic Model
experiment (Granat and Gulbrandsen, 1981, plate no. 78) in which the
effects of channel dredging in the main stem of Chesapeake Bay were
modelled. We assume these results are indicative of salinity changes
expected in the main stem, and we use them as boundary conditions for
the plan geometry. Table 2 lists the parameters for the model runs
which include meteorological forcing. The applied wind stress was
calculated from hourly wind data recorded at Baltimore Washington
International Airport during the appropriate season. Nontidal sea level
fluctuations during the same time interval come from the recordings at
the Fort McHenry tide station.
A number of useful parameters can be computed which characterize the
overall Harbor response, including volume flux, residence (flushing)
time and stratification in the Harbor interior. For the three layer
flow, four quantities prove to be diagnostic measures of the Harbor
response: the mixed layer volume flux Q, the residence time T, the
interior stratification ~s- and 6, the length scale of the flow. These
are defined as

Q ==

J:

x=L,

uBdz

u>O

T=V
Q

(9)

L1Sh = S(-D,0)-S(0,0)

6- (Lu(x,-D/2)dx
Jo u(L,-D/2)
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Dimensional Analysis
In order to apply the numerical results to cases whose external
conditions differ from those in table 1, it is desirable to establish
scaling laws which correctly determine the Harbor response to arbitrary
changes in both channel depth and mouth salinities.
For the three layered flow, in steady state, we introduce the following
dimensionless variables (denoted by primes)
(x',z') =(x/L,z/D)
(u',w') =(Lw,Du)/Kz
(10)

B' =BIB
where
A by

~

is the depth-averaged width, related to the cross-sectional area
A=BD

Equations (1) and (2) become
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In dimensionless form, the response parameters (9) become
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The response of the three-layered flow depends strongly on the Rayleigh
number R, which measures the relative importance of stratification
versus mixing. Its value for Baltimore Harbor can range between 10 6 and
10 12 , depending on external conditions. By contrast, the dependence on
other parameters is weak. The aspect ratio ~ is fixed by Harbor
geometry. Our representation of momentum and salt mixing by constant
diffusivities requires, for internal consistency, that the turbulent
Prandtl number P has a value near unity. The three - layered flow is
insensitive to values of mixing anisotropy paramenters In, Ik less than
10 5 •
3. STEADY STATE CALCULATIONS
In this set of calculations the flow is driven only by the astronomical
tide and the vertical stratification of Chesapeake Bay imposed at the
Harbor mouth. The surface and bottom water salinities used as boundary
conditions are listed in table 1.
With no meteorological forcing present explicitly, model results
indicate that the mean circulation settles into a tidally-averaged
steady state three-layered flow within a period of 10-30 tidal cycles,
depending on the specific initial conditions used. The structure of the
three-layered circulation is most sensitive to the value assigned to the
vertical mixing coefficient K~. Numerical experiments indicate that a
vertical mixing coefficient lying within the range
0.1 ~ Kz ~ 1.0 cm2/sec
best matches the observed Harbor salinity cross sections, as measured by
Boicourt and Olson (1982). For purposes of comparison, we carry out all
calculations with two values: Kz-0.3 and Kz-1.0. These values result in
best agreement with observed salinity patterns under weak and vigorous
mixing conditions, respectively.
When the freshwater discharge into the Chesapeake .Bay reaches its
seasonal low in summer and early autumn, the average salinity in
Baltimore Harbor is highest, and the stratification is weakest. A weak
three-layered flow is expected under these conditions. Results of
calculations for base and plan channel configurations are shown in table
3, and in figures 3-4. The salinity patterns are essentially the same
for both base and plan configurations; the isohalines diverge from the
Harbor mouth in a fan pattern which is the characteristic signature of
the three-layered circulation. The important difference between plan
and base is found in the magnitude of the stratification. In the base
configuration, the inner two-thirds of the Harbor is essentially
homogeneous, while in plan configuration a stratification of 2-3ppt
exists as far up as Key Bridge (point b). The stronger stratification
found in the plan configuration is reflected in the magnitude of the
three - layered flow. For the base configuration, a weak three- layered
circulation (with velocities less than 2 cm/sec) is found near the
Harbor mouth only; the gravitational circulation inside the Harbor is
negligible. By contrast,
in the plan configuration a vigorous
three-layered flow is found at the mouth (with velocities up to 7
cm/sec) and a weak but still significant mean circulation exists within
the Harbor interior.
Equivalent tendencies are seen in figure 4, which shows the same
calculation carried out with a mixing coefficient of Kz-1.0. The
enhanced mixing results in more homogeneity than the case illustrated in
figure 3, but the relationship between base and plan response is
preserved. In particular, the strength of the three-layered flow at the
Harbor mouth is essentially the same for both choices of vertical mixing
coefficients.
Table 3 summarizes the comparison between base and plan configuration
response, in terms of the response parameters defined by equation (9).
The increase in channel depth plus the concomitant increased mouth
stratification increases the outflowing volume flux within the middle
layer from approximately 87 m3 /sec to 210 m3 /sec. This translates into
a decrease in residence time from approximately 48 days to 20 days, a
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Table 1: Calculation Parameters - Steady State
Channel

Low Flow
High Flow
length depth
.llS
duration length depth
.llS
duration
(mouth)
(mouth)

base
plan
ideal

21 km
21
21

12.8 m 1.8 ppt 50 td cy 21 km
15.3 m 4.85
50
21
12
many
variable

12.8 m 9.5 ppt 50 td cy
15.3
15.75
so

Table 2: Calculation Parameters - Variable Forcing
Channel

Low Flow
High Flow
length depth
.llS
duration length depth
.llS
duration
(mouth)
(mouth)

base
plan

21 km
21

12.8 m 1.8 ppt 50 td cy 21 km
15.3 m 4.85
50
21

12.8 m 9.5 ppt 50 td cy
15.3
15.75
50

Table 3: Critical Response Parameters, Low Flow Conditions
Channel
Base
Plan

Residence
Time

Outward
Flux

Interior
Stratification

Length
Scale

Mixing
Coefficients

48 days
47
20.5
20

87 m3/sec
89
210
215

0.1 ppt
0.02
1. 3
1.1

11. 2 km
8.3
7.5
8.0

0.3 cm2 /sec
1.0
0.3
1.0
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Figure 3: Comparison of base configuration (upper) versus plan
configuration (lower) at steady state under low flow conditions. Shown
are laterally averaged salinity cross sections contoured in ppt from
Middle Branch to the Harbor mouth, plus three representative velocity
profiles. Nominal locations: a-Middle Branch, b-Key Bridge-Curtis Bay,
c=North Point. Calculations made with a vertical mixing coefficient Kz
- 0.3cm2/sec.
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reduction of 60%. The interior stratification, measured within the
Middle Branch, increases by approximately 1 ppt. The horizontal length
scale of the three-layer flow, the distance of penetration into the
Harbor, is essentially the same for base and plan configurations.
High flow conditions
As the freshwater discharge into the Chesapeake Bay reaches its seasonal
high--in late winter and early spring--the average salinity in Baltimore
Harbor is lowest and the mouth stratification is at a maximum. Under
these conditions the strength of the three-layer flow is also at a
maximum.
Results of calculations for both base and plan channel configurations
are shown in table 4 and in figures 5 and 6, for high flow conditions.
From figure 5 it is apparent that the effect of increasing Chesapeake
Bay stratification is to stratify the entire Harbor; this is especially
prominent for the planned configuration. For example, within the Middle
Branch (point a) a vertical stratification of 2.5 ppt occurs in the base
configuration experiment, and a stratification of over 6 ppt occurs in
the plan configuration. As can be seen from the velocity profiles, this
enhanced stratification results in a stronger three-layered flow
throughout the Harbor system, when compared to weak stratification
conditions. This is particularly true for the enlarged channel. At
high flow, in the base configuration, three-layered flow velocities
approach 8 cm/sec at the mouth and drop to less than 2 cm/sec past Key
Bridge, while in the plan configuration, at high flow, velocities reach
17 cm/sec at the mouth and remain as large as 7 cm/sec in the inner
portion of the Harbor.
As was found for low flow conditions, channel en~argement significantly
affects the Harbor response parameters. Table 4 is a summary of these.
The outward volume flux within the mixed layer increases from
approximately 300 m3 /sec in the base configuration to 500 m3/sec in the
plan configuration. This translates into a decrease in residence time
from approximately 14 to 8 days. The stratification near the Harbor
head increases by 3-6 ppt as a result of the deepened channel, depending
on the strength of turbulent mixing processes. For a vertical mixing
coefficient of K2 - 1. 0 cm2/sec (strong mixing), the increase in the
stratification in the Harbor interior is approximately 3 ppt, while for
K2 - 0.3 cm2/sec (weak mixing) the increase is by 6 ppt.
Parametric description of three layer flow
In order to make predictions about Harbor response to arbitrary changes
in channel depth and Chesapeake Bay salinities, it is desirable to
generalize these results in the form of simplified scaling laws. For
the three-layered flow in a tidally-averaged steady state, the analysis
of Section 2 indicates the critical dimensionless parameter is the
R.ayleigh number R. To further
our understanding of how · the
three-layered flow depends on R, we have conducted an additional series
of munerical experiments using the rectangular version of the Harbor,
consisting of a channel 1 km wide, 12 m deep and 21 km long. We have
varied both the mouth stratification and the mixing coefficient K2 in
order to vary the Rayleigh number between the limits
10 8 < R < 3x1012

Figures 7-13 show the results of these simulations. The first three
figures, 7-9, illustrate the transition in salinity and velocity fields
as R is increased. At relatively small values of R (figure 7) mixing is
relatively strong while stratification is relatively weak and a
significant stratification occurs near the Harbor mouth only. The three
layer flow exists only in the outer one-third of the Harbor; internal to
that is a weak two layer flow. As the Rayleigh number is increased to
moderate values (figure 8) the stratification and the three layer flow
fill the outer two-thirds of the Harbor. At large values of the
Rayleigh number (figure 9) both the stratification and the three layer
flow extend throughout the whole length of the Harbor.
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Table 4: Critical Response Parameters, High Flow Conditions
Channel
Base
Plan

Residence
Time

Outward
Flux

Interior
Stratification

Length
Scale

Mtxing
Coefficients

15 days
13
8.8
8.1

273 m3 /sec
324
491
535

3.3 ppt
0.3
9.2
3.0

7.0 km
4.2
7.0

0. 3 cm2/sec
1.0
0.3
1.0

8.6

Table 5: Scaling Laws for Three Layered Flow
Parameter

Scaling

Power Law
Baltimore Harbor
Rectangular Channel

Mixed Layer
(Outward) Flux
T' - 9xl0 4R- 1 12
Residence Time
LIS' h - 3xlo- 12R
Interior
LISm
Stratification
Length Scale
L
----------3
note: R - .BgLISmD /KzNz; B - depth averaged width
The curves corresponding to these power law
figures 10-13.
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Q' - 4. 3xl0- 2R1' 2

T' - 3. 9xl0 4R- 1' 2
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The dependence of the response parameters on R is shown in figures
10-13. Plotted on each figure are the results using the idealized
rectangular channel, plus the results from the simulations already
described in this section for plan and base configurations of Baltimore
Harbor. Although there exists some scatter, it is clear that the
response parameters for the three-layered flow can be scaled in terms of
simple power law functions of the Rayleigh number, over most of the
range of Rayleigh numbers considered. In figures 10-13 we have fit the
results to power laws of the type aRn; the values for a and n are given
in Table 5.
As the Rayleigh number approaches and exceeds 1011 a transition occurs
and the response parameters diverge from simple power law behavior.
This transition occurs when the inflowing layers penetrate all the way
to the Harbor head without appreciable mixing. In that limit the
parameter ~Sh' asymptotes to unity, and Q' and T' asymptote to constant
values. Thus, the power law regime applies to circumstances in which
the stratification at the head is much weaker than at the mouth. All
available data indicates that this condition is met in Baltimore Harbor,
that the appropriate Rayleigh number is less than 1011, and that the
flow lies in the power law regime.
From figures 10 and 11, and table 5, it is evident that the outward flux
in the mixed layer of the three-layered flow, at the mouth of Baltimore
Harbor, obeys a scaling law of
Q' - 1. 4xl0- 2R112
and similarly the flushing time obeys
T' - 9xl0 4R- 112
Expressed in terms of dimensional quantities the above formulas become
Q - l.410- 2 (g.B~SmD)lf2A
T - 9xl0 4 (D/g.B~Sm)l/2
Both volume flux and residence time depend only on mouth salinity and
channel dimensions. Importantly, they are independent of mixing. The
fact that they do not depend on the strength of vertical mixing makes
these scaling laws additionally robust.
The scaling law for outward volume flux given in table 3 was first
proposed by Long (1977) on the basis of a simplified analytical model.
For a rectangular channel, Long obtained
Q' _ Rll2/8
Long's coefficient 1/8 is greater than our result by a factor of about
3, but there is agreement on the Rayleigh number dependence.
4. CALCULATIONS WITH TIME VARIABLE METEOROLOGICAL FORCING
The influence of local and non-local winds on circulation in Chesapeake
Bay and its tributaries has been extensively documented (see Wang and
Elliott, 1978; Wang, 1979a,b; Grano, 1982). These studies leave little
room for doubt that wind strongly affects the circulation within the
Chesapeake Bay system over time scales of two to ten days. The
experiments performed in this Section are similar to those presented in
Section 3, consisting of a direct comparison between the base and plan
Harbor channel confi~urations, both under low flow and high flow
conditions. In addition, the experiments presented in this section
include the effect of surface wind stress and meteorological tides. In
all the simulations presented in this section, a value of the vertical
mixing coefficient Kz - 1.0 cm2/sec was used. The duration of each of
these experiments was 50 tidal cycles.
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The variability in the circulation induced by meteorological forcing is
best summarized as time histories of overall response parameters as
shown in figures 14 and 15. The first two traces show the variation in
the applied wind stress and sea level at the mouth over the last 30
tidal cycles. During low flow conditions (figure 14) the wind is
generally weak, and when strong wind events do occur they usually come
from the south and southeast. In response to wind events from that
direction the Chesapeake Bay tends to fill, resulting in an increase in
sea level at the Harbor mouth. Thus there exists a negative
corrrelation between sea level at the Harbor mouth and the local
direction of the wind stress.
While the wind stress is generally weak during this porti.on of the
hydrological cycle, the stratification within is sufficiently weak also
so that the wind driven component of the circulation can dominate flow
within the Harbor. The last two traces on figure 14 show the Harbor
response, in terms of the horizontal velocity as a function of time, at
three specified depths near the Harbor mouth. The upper graph is the
response of the base configuration, while the lower graph is response of
the plan. It is clear from these traces that the response is basically
baroclinic, with the surface layer following the wind and the middle and
deep layers opposing the wind. In the base configuration, velocities in
the near surface layer show excursions up to lS cm/sec with an average
velocity over the SO tidal cycles of approximately 5 cm/sec, directed up
the estuary. The middle and deep layers in the base configuration show
velocity excursions up to 20 cm/sec, and over the 50 tidal cycles the
average velocity is approximately 5 cm/sec. In the plan configuration,
the near surface layer exhibits transient excursions up to 15 cm/sec and
the average velocity in that layer over the 50 tidal cycles simulation
is approximately 6 cm/sec directed upestuary. In the middle and deep
layers, velocity excursions of up to 25 cm/sec occur, and t:he average
velocity over the duration of the experiment is approximately 7 cm/sec
in both bases, directed upestuary in the bottom layer and downestuary in
the middle layer.
The applied wind stress and the mouth sea level under high flow
conditions as a function of time for 30 tidal cycles are shown at the
top two traces in figure 15. During this part of the hydrological cycle
wind stress is relatively high compared to its yearly average, and
strong wind events generally come from the north. In spite of the fact
that wind stress tends to be high, the stratification found in the
Harbor is also at a yearly maximum, and is sufficiently strong that the
three-layer component of the circulation tends to dominatE~ over the
transient components. This dominance is illustrated in th•~ last two
traces which show the horizontal velocity at three depths near the
Harbor mouth as a function of time in both the base and plan
configurations.
In the base configuration, velocity excursions of up to 15 cm/sec occur
in the surface layer directed both ur and down channel. The so tidal
cycle average velocity is approximate y -5 cm/sec, consistent with that
associated with the three-layer circulation. The middle layer also
shows excursions up to 2S cm/sec, but the velocity is directed
down-channel during nearly all of the 50 tidal cycle experiment. Its
average value is approximately 8 cm/sec. In the bottom layer, velocity
excursions of up to -15 cm/sec occur, and the average velocity is
approximately -9 cm/sec.
The pattern of response in the plan configuration is very similar to the
pattern of response in the base configuration, the difference being in
the magnitude. In the plan configuration, excursions in the surface
layer reach -18 cm/sec and the average velocity is approximately - 7
cm/sec. In the middle layer, velocity excursions of up to 2S cm/sec
occur and the average velocitl is approximately 10 cm/sec. In the deep
layer, velocity excursions o up to -22 cm/sec occur and t:he average
velocity over the duration of the experiment there is approximately -15
cm/sec.
5,
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The results of numerical modeling presented in Sections 3 and 4 lead us
to the following conclusions concerning changes in circulation within
the Baltimore Harbor system resulting from channel enlargement.
A change in channel depth from 12. 8 m to 15. 3 m will increase the
magnitude of circulation in Baltimore Harbor but will not change its
pattern. This conclusion applies if the channel is maintained at a
uniform depth in the longitudinal direction, without sills or barriers.
The three-layered density driven flow, which for timescales longer than
5 to 10 days is a major circulation component within the Baltimore
Harbor system, will be enhanced by channel enlargement. The enhancement
is due to combined effects of increased water column depth plus the
accompanied increase in bottom water salinity which is likely to occur
as the channel taps deeper waters in adjacent portions of the Chesapeake
Bay. This will result in decreased residence (flushing) times within
the main stem of the Harbor. The magnitude of the changes for
three-layered flow resulting from increased channel depth are best
summarized by two parameters: the volume flux (transport) in the
out-flowing, mixed layer Q and the harbor residence time T. During the
low run-off portion of the hydrological cycle, projected increases in
vertical stratification at the Harbor mouth from 1.0 to 4.85 ppt as a
result of increased channel depth will cause an increase in volume flux
in the mixed layer from approximately 88 m3/sec to 210 m3 /sec and a
corresponding decrease in residence time from approximately 48 to 20
days. During the high run-off portion of the hydrological cycle, a
projected increase in vertical stratification at the harbor mouth from
9.5 to approximately 15.75 ppt as a result of increased channel depth,
will cause an increase in volume flux in the mixed layer from
approximately 300 m3 /sec to 500 m3 /sec, and a corresponding decrease in
the residence time from approximately 15 days to 8 days.
Calculations including with time variable meteorological forcing
indicate that the channel enlargement will increase the magnitude of
this component of the circulation by a small amount--at the 10% level,
approximately. Dredging will influence the magnitude of this component
in the circulation only; there is no indication of any change in the
qualitative character of the circulation as a result of the channel
enlargement.
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1. INTRODUCTION
In this study we apply a two dimensional numerical model of laterally
averaged circulation and salinity to the Patuxent River estuary, shown
in figure 1. Both steady state and time variable simulations are made
to determine the interaction between salinity gradients, astronomical
and meteorological tides, river discharge and surface wind stress and
their effects on the circulation.
In comparison with other Chesapeake Bay tributaries, the Patuxent River
estuary exhibits large variations in channel depth. Figure 2 is a
longitudinal profile of the estuary from its intersection with the Bay
upstream 80 km to Nottingham, MD 65 km from cross section 0. The
bathymetry consists of two basins, each bounded on its downstream side
by a shallow sill. The sill separating the lower basin from the main
stem of Chesapeake Bay is 10 m deep; the average lower basin depth is
approximately 18 m and includes a 43 m deep hole. The inner sill
separating the upper and lower basins is approximately 3 m deep and the
upper basin behind it averages 7 m depth. Circulation and salinity in
the Patuxent are strongly influenced by two of the river's bathymetric
features: (1) the inner sill, located between Benedict and Lower
Marlboro, MD and (2) the 40 m depression located at Pt. Patience. The
most striking piece of evidence for topographically controlled
hydrodynamics is the presence and persistence of a nearly vertical salt
front located about the inner sill. Throughout the lower part of the
estuary from the surface to approximately 10 m depth, the isohalines
slope upstream in the manner characteristic of two-layer circulation in
a partially mixed estuary. But beginning near cross section 20 a
pattern of vertical isohalines is evident in the salinity cross sections
from all four seasons. The change in salinity across the front varies
from about 9 ppt in the fall to about 4 ppt in the spring (figure 3).
The width of the front and the fine structure within the frontal region
are not well resolved by the Maryland Office of Environmental Programs
seasonal surveys (which report salinity profiles at 5 km intervals).
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Topographically controlled frontal structures are known to be important
in estuaries (Huzzey (1982); Hibiya (1986)). Similarly, permanent small
scale fronts are often present on continental shelves, especially near
the mouth of large estuaries (Garvine, 1974, 1979). It is certain that
the interaction between the upper and lower basins in the Patuxent is
strongly affected by the dynamics in the frontal region.
The dynamic conditions within 'the deep hole at Pt. Patience are also not
well understood. On the basis of available data (the maximum depth of
OEP surveys is 23 m), one would infer that the circulation within the
deep hole has a seasonal variability. In spring and winter and probably
during most of the fall, the deep hole is only weakly stratified to 23 m
depth. This indicates that there is a substantial circulation to at
least 23 m for 8 months of the year or more. In the swnmer the OEP 1984
(figure lSa) survey (in this case, data from a single cruise, rather
than a seasonal average) showed a well-developed halocline in the
interval between 5 and 10 m. The halocline intersects the outer sill
and the upstream wall of the lower basin, in effect putting a lid on the
deep hole. In summer, the deep hole may at times become unventilated
and practically stagnant.
A variety of modelling approaches have been used on coastal plain
estuaries, from simple one dimensional, semi-analytical models of salt
wedge dynamics (Prandle, 1981; Oey, 1984) to laterally-averaged two
dimensional models such as used in this study (Festa and Hansen, 1976,
1978; Blumberg, 1978; Wang and Kravitz, 1980) to fully three dimensional
models (Oey, Melor and Hires, 1986; Gordon and Spaulding, 1987). At the
present time, 3-D models are used in situations where the density-driven
component of the circulation is subordinate to wind or tidally induced
flow. In those circumstances, the horizontal pattern of depth-averaged
flow can be solved without reference to the density distribution, and
the vertical structure of the flow can then be determined locally at
each grid point. However when density gradients are as important in
driving the circulation as tide and winds, as is the case in the
Patuxent River estuary, depth averaging does not work. In this case it
is more appropriate to lateral average. as we have done. Having
computed lateral averages, it is possible to then compute the flow in
lateral sections, using the equations of motion for that plane. We have
not pursued such an approach for modelling the Patuxent, because we
judge lateral flows to be of secondary importance in this case.
Most of 7:he earlier two-dimensional models were designed for steady
state conditions, or for simulating slowly evolving flows associated
with variations in boundary salinity or river discharge. However, it
has been demonstrated throughout the Chesapeake Bay system that the
circulation is strongly time variable, not only from astronomical tides,
but also in the subtidal frequency band, 0.1-1.0 cpd (Wang, 1979;
Elliott, 1978; Wong and Garvine, 1984; Olson, 1986). The subtidal
variability is due to the combined effects of meteorological tides
(non-local forcing) and locally applied surface wind stress (local
forcing). These components often dominate the circulation on timescales
shorter than about 5 days. Only when the circulation is averaged over
time intervals of 10 days or more does the density driven flow prevail.
The measurements reported by Boicourt and Sanford, 1987 confirm this to
be true for the Patuxent River estuary as well. It is necessary to
resolve frequency components of the circulation ranging from the
semi-diurnal tide at the high end, to seasonal variability at the low
end, in order to construct an accurate picture of dynamics in the
Patuxent.

2.

NUMERICAL MODEL

The model geometry has its origin at mean sea level at the head of the
estuary, oriented with x,y,z-axes in the downstream, cross stream and
vertical directions respectively. The maximum channel depth in any
lateral section is denoted by H, and the sea surface elevation, relative
to its mean value, is denoted by T/. The laterally-averaged velocity
components in downstream and vertical directions are u and w,
respectively. Channel geometry is specified by the width function
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B(x,z). The laterally-averaged shallow water equations of motion are as
follows. The momentum balance in the vertical direction is hydrostatic,
and the other governing equations are
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representing conservation of mass, horizontal momentum and salinity,
plus a linear equation of state. Here t is time, S is salinity, p is
density and g is gravity. The parameters N.is and N2 are horizontal and
vertical turbulent viscosities, and Kx and K 2 are turbulent miKing
coefficients for salt in the horizontal and vertical directions
respectively. The boundary drag coefficient is CD, and in the equation
of state p denotes fresh water density and P is the coefficient of
saline contraction, 7.29 x 10'" 4 , ppt-1.
The appropriate boundary conditions are the following. On the channel
bottom, z--H, the normal velocity and salinity flux ooth vanish. In
terms of the local channel bottom slope, these are
0
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accurate to the order of the bottom slope.
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(6)

The bottom stress condition
z=-H.

(7)

Since the slope of the sea surface is small compared to the bottom
slope, it is neglected in applying the upper surface conditions. The
surface equivalents of (5) and (6) are then

·as

w=-=0
oz

t

z
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and the surface stress condition is
ou
Nz-=T(x,t),
oz

z=O

(9)

where r is the laterally averaged longitudinal component of the wind
stress.
Entrance and exit conditions are specified as follows. At the head of
the estuary, the Patuxent River freshwater discharge QR is specified as
a time series and distributed uniformly through the water column as a
horizontal current uR, satisfying the condition
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J:

x=O

BuRdz = Q R(t),

( 10)

and the salinity is set to zero

x=O

S =O,

( 11)

At the estuary mouth, x-L, where the Patuxent joins the main stem of
Chesapeake Bay, the exit velocity condition is just
0
ox (uB)

=

0

x=L

( 12)

while the sea surface conforms to the sea surface of the Bay. This
condition is expressed in terms of a time series ~m (t) for the Bay
surface elevation
x=L

( 13)

Conditions on salinity at the mouth are constructed to simulate the
exchange processes between the Patuxent and the main stem of the Bay.
If the transport is out of the estuary, we prescribe a purely advective
balance
0
0
ot(SB)=- x(uSB),
0

x

=

L, if

u >0

( 14)

When the transport direction changes, we expect there to be a time
interval during which water from the preceding outflow is carried back
into the Patuxent. As inflow continues, this pool is exhausted and
Chesapeake Bay water begins to enter. This sequence of events is
represented by a relaxation condition of the form
05
=(S -S)!t*
ot
m
'

x

=

L,

( 1s)

where tc is the time of current direction change, t* is the relaxation
time constant, an adjustable parameter, S~ is mouth salinity at tc, and
Sm is the Bay salinity.
The data required to initialize the calculation
are an initial salinity distribution and sea surface elevation pattern
(relative to mean water level).
The model contains five friction and mixing parameters, the boundary
drag coefficient C0 , plus mixing coefficients for turbulent momentum, Nz
and Nx, and salinity Sz and S~. Estimates of drag coefficient values
lie in the range 1-2 x 10- 3 (~hillips, 1980); and we choose C0 - 1.6 x
10- 3 .
The largest source of error in estuarine modeling comes from trying to
parameterize the turbulent mixing of salt and momentum. The mixing
parameters are known to have a functional dependence on the Richardson
number

(ou)

os Ri =-g{3-/
oz oz

2

( 16)

The exact functional relation, however, between the mixing parameters
and the Richardson number is not known. An alternative method, and that
used in this study, is to assign values to these parameters based on
direct comparison with observed field measurements.
In partially mixed estuaries such as the Patuxent, the most important of
the mixing parameters are Kz and Nz, controlling the vertical flux of
salt and momentum, respectively. Often in estuaries the horizontal
mixing coefficient for salt ~ is unimportant; however in the Patuxent
this is not the case, as it controls the structure of the salinity
front. By contrast, the horizontal mixing coefficient Nx is dynamically
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insignificant; usually it is assigned a nominal value large enough to
allow the horizontal dispersion term to contribute a small amount to the
momentum balance, for purposes of numerical stability.
The vertical eddy viscosity, Nz-5. 0 cm2 s- 1 , was selected on the basis of
comparisons between observed and calculated velocity profiles and
results of a similar study of the Baltimore Harbor. Preliminary
solutions with horizontal eddy viscosity, Nx < 1. 5 x 10 6 cm2 s- 1 were
unstable to numerical oscillations. The value of Nx - 2xl0 6 cm2 s-1 was
chosen to prevent numerical instabilities from developing.
The mixing parameters for salt, K,. and Kz, were chosen on the basis of a
sensitivity analysis. The salt front is a first order feature of the
Patuxent River, appearing with only minor deviations in position and
gradient in all four of the 1984 OEP seasonally averaged surveys. The
position and gradient of the front is one piece of data we require our
model to successfully simulate and is the basis of the sensitivit~
analysis. With an unsmoothed geometry file any value ~ S l.25xl0 6 cm
s- 1 proved to be unstable to numerical oscillation. The calculated
front, after seven days, with ~ - 1. 25xl0 6 cm2 s- 1 , is more diffuse,
Lls!Llx .27 ppt/km than the observed front, Lls!Llx "" .4 ppt/km. Clearly
such large values of ~ do not accurately model the front. In an
attempt to stabilize the solution, the geometry file was run through a 3
point smoothing routine. With a smoothed version the lower limit on K,.
reduced to ~ ~ 7. Sxl0 4 • A constant value of ~ - 1. 25xl0 5 was adopted
for the numerical experiments. The value chosen for vertical mixing Kz
- 0. 2 cm2 s-1 produces solutions which match observed surface salinity
and allow for vertical structure in isohaline patterns.
Equations (1) through (15) are solved on two-dimensional grids using
finite differences. The time-stepping procedure is the semi-implicit
method used by Wang and Kravitz (1980), in which the sea surface height
is advanced with an implicit time step, while the interior variables
(salinity, horizontal and vertical velocity) are advanced using an
explicit time step. The details of the computational algorithm can be
found in Wang and Kravitz, 1980. Diffusion terms are represented by
central differences, advectipn terms by upwind differences. We found
that it is necessary to use very small time steps, on the order of 100
s, to insure numerical stability.
In order to include in a realistic way the extreme variations in channel
depth, we have used the sloping bottom approximation. Let LI.<: and Llx
denote the grid spacing in the vertical and horizontal directions,
respectively. According to this approximation, variations in channel
depth are represented by increasing or decreasing the numbi~r of grid
points by one in neighboring·columns. The local channel slope is then
either •Ll:z!Llx or zero. We have constructed a grid with resolutions
(grid spacings) of 2 m in the vertical and 640 m in the horizontal, so
that the inclined segments have slopes of •0.003125. This permits us to
simulate all the major topographic structures in the Patuxent, including
the deep hole at Pt. Patience, where the grid extends to 30 m depth.
The slope of the model topography closely approximates the average
gradients found in the estuary. In order to correctly apply horizontal
differential operators at these points, we have inserted image or
"buffer" points onto the grid rows within sloping sections.
The bathymetric grid used in this study consists of 164 columns of w and
S points and 103 columns of u points, extending over 104 km (Llx - 638
m). Vertical resolution is 2 m. In the model the estuary head is at
river kilometer 100, at the US Rt. 50 bridge crossing, near the tidal
limit. The mouth is defined at river kilometer -4, about 4 km
downstream from Drum Pt., approximately 8 km downstream from Solomons
Is. Major topographic structures incorporated into the model grid
include: (1) the outer sill at the model-defined mouth; (2') the deep
hole at Pt. Patience (to 30 m); (3) the inner sill above Benedict; (4)
the upper basin around Lower Marlboro; and (5) the narrow and shallow
upper reach above Jug Bay.

330

0

6

12

18

24

30

"---......L.<W...--J~~......----'~~.......~_.,_ _ _ _. __ __.__ _~...._~_.__ ___.~_ _......._ __ ,

-4

4

12

20

28

36

44

52

60

68

76

84

92

100

Figure 4a: The initial salinity profile for spring 84 steady state
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3. STEADY STATE CALCULATION
A steady state simulation of circulation and salt distribution within
the Patuxent River estuary has been run for the purpose of modeling the
gross features of the spring 1984 seasonally averaged salinity profile
(figure 3a). The most prominent feature of the Patuxent River salinity
distribution is the salt front located near the inner sill, between
Benedict and Lower Marlboro. The goal of this simulation is to produce
the frontal structure from random initial conditions.
To achieve a steady state solution a constant river flux Q - 20 m3 /s was
imposed at the head of the estuary. A salinity profile, increasing
linearly from 7 ppt at 1 meter depth to 9 ppt at 9 meters depth was
imposed at the mouth of the estuary. The values were taken from spring
1984 seasonally averaged data. Figure 4a shows the uniformly stratified
initial salinity distribution. The salinity gradient across the front
is .06 ppt/km. Figure 5 illustrates how the model accurately predicts
both the position and gradient of the salt from random initial
conditions. The solid line shows the linear surface salinity profile at
t-0. The 1 ppt isohaline is initially at kilometer 86. After 400 hours
the 1 ppt isohaline has moved to 50 km and the frontal gradient is .27
ppt/km. After 520 hours the solution has reached a steady state. The 1
ppt isohaline is at 48 km and the frontal gradient is .29 ppt/km which
compares well with the observed value of .3 ppt/km. Calculated surface
salinities fall within the ± 1 ppt error bars of all the observed data
points. Figure 4b shows the steady state salt distribution and velocity
profiles within the upper and lower basins. The velocity profiles at
Lower Marlboro and Pt. Patience have remained invariant over the past
100 hours. The steady state profile at Lower Marlboro is 3 cm/s surface
outflow balanced by a -1. 7 cm/s inflow. At Pt. Patience values for
surface outflow and bottom inflow are 3.0 cm/s and -2.0 cm/s
respectively.
The calculated steady state salinity distribution for the spring of 1984
compares well with the observed seasonally averaged profile shown in
figure 3a. The salt front in both profiles is centered over the inner
sill. The observed salinity gradient across the front is .1s/.1x" .3
ppt/km which is very close to the calculated value of .29 ppt/km. The
steady state simulation accurately models the gross salinity features of
the estuary given random initial conditions. The predicted circulation
is a two layer shear flow with an average 3.0 cm/s surface velocity and
a -2 cm/s bottom velocity.
4. TIME VARIABLE CALCULATIONS
Two intensive survey periods were selected to study time variable
circulation under two distinct forcing regimes. The spring survey
covers the time interval May 15 - June 15, 1986 when river flow is high
and the estuary is less saline. The second, or fall, survey runs
between September 3 - September 30, 1986 and is characterized by lower
river flow and higher salinities in the adjacent Chesapeake Bay. During
each survey period tidal heights were measured from the N. 0. S. gauge
located at Solomons Is. River flow data was collected from the U.S.G.S.
stream gauge iocated at the Rt. 50 bridge. Time variable mouth salinity
was taken from data collected by Boicourt and Sanford, 1987 at station
PL 1, located just upriver from Drum Point (see figure 2). Hydrographic
surveys and moored current meters provide measurements of salinity
distribution and velocity profiles respectively.
The spring period can be divided into 3 regimes based on mouth salinity
and river flow. The mouth stratification expressed as 6s•sa-s 5 , where s 5
is mouth salinity in ppt at 9 meters depth and s 5 is mouth salinity in
ppt at the surface, determines the strength of density driven
circulation. The first 10 days are characterized by strong stratification, 6s" 1 ppt, and weak river flow, the second 10 day period by both
weak stratification, 6s" 0, and river flow and the last 10 days by
stron~ stratification,
6s•
2, and river flow. The initial salinity
distribution was derived from the May 9 slack water survey.
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The simulation begins at midnight on May 15, 1986 and ends at 744 hours
on June 16, 1986. During thi·s period direct comparisons between
observed and calculated salinity fields can be made on May 21, June 3
and June 9. Fi~ure 6a is a plot of instantaneous surface salinity at
various times within the May 21 tidal cycle. The tidal excursion in
figure 6a ranges from a minimum of 5 km near the mouth to a maximum 10
km near the inner sill. When comparing calculated, tidally averaged
solutions with observed data, it is important to consider this tidal
excursion because a data collection survey may take up to 6 hours to
complete or 1/2 the period of an astronomical tide. During this time
isohalines are being advected with the tidal flow. If the survey on May
21 began at the mouth, when the tidal height was .23 meters, and ended
six hours later when the tidal height was -.15 meters, the calculated
solution would exactly match observed data. A second comparison on June
3, 460 hours into the simulation, figure 6b, shows that the tidally
averaged solution, though slightly more diffuse than the observed field,
lies within the error bars at all but one point. A final comparison is
made, figure 6c, on June 9, 20 days into the simulation. Again the
solution matches observed values to an acceptable level. The average
frontal salinity gradients based on calculated and observed data taken
from kilometers 35 and 45 at 5 meters depth are .4 ppt/km and .35
ppt/km. The comparisons indicate the numerical model is accurately
predicting the salt balance within the estuary during the month long
simulation.
Table 1 lists the range in tidal velocities and the ratio between
observed and calculated ranges. It is found that, on average, observed
values exceed calculated values by a factor of 1.6. This relationship
is expected, however, because current meters, located in the middle of a
river measure the maximum of a velocity profile. Calculated velocities
are all scaled by estuary width and, therefore, represent lateral
averages rather than lateral maximums. Assuming a parabolic distribution, the maximum is 1.5 times the lateral average, which accounts for
the difference between calculated and measured values.
Figure 7 is a month long time series of velocity profiles for cross
sections at PLl and PL4 (located just down river from Broomes Is., see
figure 2), showing the persistence of a two layer shear flow. The
average profile at PLl is a 5 cm/s surface outflow balanced by a deeper
5 cm/s inflow. Figure 7 also illustrates the dominant driving
mechanisms in the estuary by comparing events in the mouth salinity and
river flow records against model responses in the PLl and PL4 velocity
profiles. During most of the survey period river flux is small, Q• 5.0
m3 /s. On June 12, 684 hours into the simulation, river flux increases
by more than 100% of the average to 11.2 m3/s. A pulse in the velocity
profile at PLl is seen after a 12 hour time lag. The response to the
flood event is seen throughout the entire PLl record. Surface
velocities increase while deeper return flow stalls.
Comparing time series of mouth salinity and velocity shows that the
largest fluctuations in velocity ±4 cm/s, or an 80% fluctuation in mean
lower layer velocity, correlate with changes in mouth stratification.
Table 2 shows that increases in as cause positive deviations in average
PLl velocity,, ii 13 , at 13 meters depth. There is a 36 hour time lag
between corresponding peaks in 6s and ii13 at station PLl.
The gross circulation patterns within the estuary are best sho 1Nn using
streamfunction contours. Streamfunction distributions, within two of
the three 6s regimes outlined in Table 2, were calculated by vertically
integrating the horizontal velocity field from the expression

11JB=J:uBdz'

(17)

Figure Sa shows tidally averaged streamfunction on May 20 when as - 1.0
ppt and Q - 5.0 m3 /s. The most vigorous circulation appears in the
lower estuary and is particularly strong near Pt. Patience. The deep
hole is being flushed by a deep return flow and is clearly not stagnant.
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Table 1
Station

Depth (ft)

PLl

8

45
8
2S
8
80
8
4S
8
28

P2
P3
PL4
PS
P6
PB

8

P9

22
8
lS

Tidal Velocity Range

Observed
range (cm/s)

Calculated
range (cm/s)

Ratio
obs./calc.

43
46
26
'36
67
6S
30
28
27
32
60
45
92
SS

29
26
30
32
31
30
30
28
24
23
40
21

1. 5
1. 7

0.8
1.1
2.1
1.0
1.0
1. 6
2.2
1.4
1. 5
1. 5
2.1
1. 3

so

43

Average correlation factor - 1. SS
Table 2 Mouth Salinity Regimes
Time period (hours)

OS

(ppt)

u,3 (cm/s)

0-240

0.96

s.s

240-480

0.1

4.0

480-720

2.0

8.0
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Figure 7: Time series of tidally averaged velocity profile at
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from spring intensive survey.
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In exam1n1ng circulation patterns it is interesting to follow the zero
streamline near the bottom boundary in the lower estuary. The
streamline rises vertically off the bottom near river kilometer 40 and
returns, along the surface, to the estuary mouth, indicating the strong
density driven circulation is, on average, confined to the lower
estuary. Smaller, less vigorous two layer circulation patterns are seen
just above the inner sill near Lower Marlboro and further upstream near
kilometer 60 where the transition between one and two layer flow occurs.
Figure 8b shows the streamfunction distribution on June 13 during an 11
m3 /s flood event. The density driven flow in the lower estuary is now
very weak compared to surface outflow. The circulation is split into
two weak cells, one along the upslope between Pt. Patience and Sheridan
Pt. and the other in the deep hole. The zero streamline now rises off
the bottom at kilometer 10 and forms a closed cell. The density driven
circulation in the deep hole does not feel the strong mouth
stratification, 6s- 2 ppt, because the river flow is advecting the salt
out of the estuary. The strong surface outflow has sealed off the deep
hole. Figure 8b and figure 7, at 684 hours, both show that circulation
within the deep hole vanishes during the flood event.
The second time variable simulation, the fall run, covers the time
period Sept. 3
Sept. 30, 1986 when, in comparis?n to spring
conditions, river flow is small and Bay salinity is high. The
simulation, as in the spring run, is driven by time series of tidal
height, mouth salinity and river flow. In addition to these data, a
time series of local wind speed was recorded at the Patuxent Naval Air
Station near Solomons Is. Hydrographic surveys on Sept. 15, Sept. 22
and Sept. 30, 1986 provide a basis for comparison between measured and
calculated salinity distributions. A comparison between the observed
velocity profile at Station PLl (from Boicourt and Sanders, 1987) and
the numerical solution at PLl is made.
The mixing parameters for the fall simulation were the same constant
values used in the spring simulation. The initial salinity profile was
taken from a digitized version of a Sept. 2, 1986 slack water salinity
profile. The wind stress was computed using data from P.N.A.S. and a
quadratic law relating wind stress to wind velocity via a friction
coefficient, taken here to be 1.6 x 10- 3 • Wind speeds measured on land,
because of incre~sed frictional resistance, are often less than those
acting on the estuary. In light of this observation, two fall runs were
made: 1) fall run 4, which uses observed wind speeds and 2) fall run 5,
which uses twice the observed wind speed. Results of both simulations
will be presented below.
Comparison of observed surface salinity from the first hydrographic
survey on Sept. 15 (figure 9a) shows the solution from run 4 to be
within the error bars of all but one station, whereas the surface
salinity for run 5 fits observed data in the lower estuary but not in
the upper estuary. Figures 9b and 9c show comparisons made between
calculated and observed surface salinity on Sept. 22 and Sept. 30.
Again, the solution from run 4 fits the data throughout the estuary.
The calculated gradient, . 41 ppt/km, in salinity across the front is
close to the observed, .45 ppt/km ± .1 ppt.
Run 5 does not compare well with the observed salinity distribution.
The frontal structure in all three comparisons is displaced upriver and
the average frontal gradient is . 3 ppt/km. Based on comparisons of
measured and calculated fields, run 4, with observed wind speeds, gives
a more accurate solution for salt distribution within the estuary.
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Figure 9: Plot of calculated, tidally averaged surface salinity, ppt,
vs. observed data, pl~tted diamonds with• 1 ppt error bars on (a) Sept.
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Figure 10 shows a comparison of measured and computed average velocity
profiles at station PLl. Observed data was taken from Boicourt and
Sanders, 1987 and the calculated profile from run 4. The velocity
profiles are similar in both flow structure and ma~nitude. Both
profiles are± 5 cm/s 2-layer shear flows. Values for maximum, observed
inflow and outflow velocities are approximately 1. 2 times calculated
values. The level of no motion for observed and calculated profiles is
at 7 and 6 meters respectively.
Figures lla and llb are time series of wind speed versus PLl and PL4
velocity profiles for both fall runs. A comparison of the profiles from
the two runs illustrates the effects of increased wind stress on
circulation and explains the intrusion of salt into the upper basin in
fall run 5. Both runs show the same qualitative response to surface
wind stress, but because wind speed is related to wind stress by a
quadratic law, the quantitative differences between runs 4 and 5 are
siFnificant. During a two day period, September 10-11, an average -2.Sm
s- wind in fall 4 causes the surface velocity to go to zero. During
the same period, in fall run 5, an average -5 cm2 s- 1 wind event causes
surface velocity to reverse direction. The resulting -6.5 cm2 s- 1
surface flow, a 200% fluctuation in mean velocity, advects salty lower
basin water over the sill into the upper basin, resulting in the
displaced frontal structure recorded in figure 9.
In general, fall 4, using observed wind speeds, shows a consistent two
layer density driven shear flow. Wind driven circulation produces
fluctuations in mean flow of • 100% in the surface layer and •• 30% in
the lower layer. There is one event, in the 13 and 17 meter records, 10
days into the simulation, in which the calculated fluctuation is 100% of
the mean flow. This is probably due in part to a 1.4 ppt increase in 6s
which is coincident with a 4 m/s wind event. An identical 4 m/s wind
event at 312 hours produces only a 25% perturbation in the average
inflow at 13 meters depth, suggesting that as much as 75% of the
fluctuation mentioned above, at 240 hours into the simulation, is
attributable to changes in mouth stratification.
Fall run 5, with double the observed wind speed, shows fluctuations of•
80% of the mean lower layer inflow and as high as • 200% of the mean
surface outflow. Fluctuations of this size compare well with data from
Boicourt and Sanders (1987), though the timing of the responses does not
exactly coincide. The high values for wind speed necessary to produce
such large model fluctuations, however, as shown above, generate
salinity fields which do not match observed data.

5.

TOPOGRAPHICALLY CONTROLLED CIRCULATION

The influence of variable channel depth on circulation and salt
distribution within the Patuxent River, primarily near the inner sill
and within the 43 m deep hole, remains unresolved by observation alone.
The code used in this study has been modified to handle variable
bathymetry in an attempt to further the understanding of topographically
controlled circulation. The most direct piece of evidence for
topographic control is the persistence of a nearly vertical salt front
at the inner sill in OEP surveys for all four seasons.
The dynamic effect of the sill is clearly seen in current meter records.
Time series from stations PS and P9, located to either side of the sill,
show a 90° phase difference in maximum tidal velocities. The model
successfully matches this phase difference in tidal velocities and
predicts a low frequency sill-induced circulation. Figure 12 shows one
month averaged streamfunction plots for fall and spring forcing regimes.
The two fields, which are clearly similar, show two density driven
circulation cells, one in the lower basin and one in the upper basin,
divided in the middle by the inner sill.
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Fi~ure 13 shows the large distortions in instantaneous surface elevation
which occur in the vicinity of the sill, where both width and depth
decrease. The surface slope changes sign to either side of the sill.
The effect of this sign reversal on velocity is illustrated in the
profiles at kilometer 32 and 54 located on either side of the sill. The
phase difference in tidal velocity records at PS and P9 indicates the
phase of the tide changes near km 44, because of the constriction.
Figure 14 shows contours of salinity variance (a') calculated for both
transient runs from the expression

a 2 (x,y)= N~

2
~(s
(x,y)-s(x,y))
1
1

(18)

where N is the total number of entries at point x,y in the time domain.
The time average salinity at a point is expressed by
-

s(x,y)=

[ N

N~s 1 (x,y)

The largest variance for the spring survey occurs between the inner sill
and Lower Marlboro, in association with a local maximum in tidal
excursion. Of more interest is the absence of a minimum variance within
the deep hole near Pt. Patience. The values of a' - . 3 and a' - . 5 for
spring and fall runs suggest that, on average, the deep hole is not
stagnant. During both steady state and transient simulations the hole
remains well flushed with average velocities of 4 cm s- 1 . The hole may,
however, be subject to transient short term periods of stagnation.
Salinity surveys made in the lower basin have documented that well
developed halocline structures are sometimes present over the deep hole
section, particularly during summer (low flow) conditions. An example,
from summer 1984, is shown in figure 15a. The processes leading to
halocline formation are not fully understood, nor do we know how
frequently such events occur and how long they last. These may well be
very significant events, however, because they may produce stagnant
conditions in the deep hole region and in smaller holes throughout the
lower estuary. From figure 15a it appears the halocline in the Patuxent
forms in response to increased stratification in adjacent parts of
Chesapeake Bay. This stratification could result from either a decrease
in surface salinity, an increase in bottom water salinity or both. The
pattern of isohalines near the Patuxent mouth in figure 15a indicates at
least the first alternative occurred.
In order to determine whether this scenario can account for halocline
formation, and also to determine the consequences for circulation in the
deep hole region, we conducted a numerical experiment of the model's
response to increased stratification at the mouth. The initial
conditions corresponded to the final state of the spring intensive
simulation. On that state we have imposed a pattern of decreasing
surface
salinity at
the mouth,
producing an
increased mouth
stratification.
The deep hole response to several days of increased stratification is
shown in figures lSb. The salinity pattern is very similar to the data
in figure lSa. Low salinity surf ace water from the Bay has intruded
about 5 km into the Patuxent, and between 4 and 10 m depth the
isohalines throughout the lower estuary are nearly horizontal. The
topographically controlled front separating upper and lower basins has
an enhanced gradient. Velocities throughout the water column in the Pt.
Patience deep are uniformly small, less than •2 cm2 s- 1 • The velocity
profile at Lower Marlboro remains a normal two layer flow while
circulation within the deep hole has nearly vanished. It is clear that
low salinity, surface water intrusions from the Bay can produce
transient salinity patterns like that seen in figure 15a.
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CONCLUSIONS
Steady state simulations indicate that the seasonal average flow in the
lower basin and much of the upper basin of the Patuxent Estuary is a two
layer density driven flow, with velocities of ± 3 cm/s in the lower
basin. A stationary, nearly vertical salinity front is present in all
model calculations, centered on the inner sill separating the two
basins. The front forms regardless of initial conditions. Its location
is dictated by topography and its width is governed by the balance
between river discharge, the strength of lower basin density driven
circulation, and the magnitude of the horizontal turbulent diffusivity.
Transition to unidirectional (one layer) flow occurs well upstream from
the front, in the neighborhood of river kilometer 55. The best fit to
the observed seasonal average salinity distribution, based on a
comparison with data from spring 1984 (high discharge conditions), is
found for eddy mixing and viscosity coefficient values K2 - 0.2 and N
5.0 cm2 s- 1 .
z
Comparison between field data taken during the spring 1986 intensive
survey and the model calculation for the same period shows that the
model accounts for all of the major features seen in the data.
Calculated surface salinities are generally within the error estimates
of observed values throughout the whole estuary. The OP-timal value of
the horizontal mixing coefficient Kx is near l.25xl05 cm2/s. This value
produces a salinity front on the inner sill above Benedict with a 0.35
ppt/km gradient, compared with a mean value of 0.4•.l ppt/km estimated
from the data. Comparison between measured and computed tidal
velocities shows generally good correlation throughout the estuary, with
an average observed/calculated ratio of 1.6. This indicates the lateral
distribution of tidal velocities is nearly parabolic. The range of
calculated tidal velocities is 20-50 cm/s. The estuary is dominated by
a 2-layer •5 cm/s shear flow. On average, the transition from one to
two layer flow occurs near river kilometer 60 but is very sensitive to
freshwater runoff. Three layer flows are not seen. Low frequency
variability, •50% of fluctuation of mean surface velocities and± 80%
mean lower layer velocities, during this period is due primarily to
variations in boundary salinity.
Our comparison of the observations made during the fall intensive survey
reinforces the conclusions drawn from the spring survey comparison, and
in addition, highlights the wind driven component of the circulation.
Calculations using values of wind speed measured remotely match the
observed surface salinities whereas the calculation using twice the
measured winds does not.
As was found for the spring period, the two layer density driven flow
predominates in long term (>10 day) average. Average two layer flow
velocities at the mouth are calculated to be +5 and -6.25 cm/s, with the
level of no motion at 6-7 m depth. These agree with average values at
station PLl, corrected to give zero net flux. Three layer flows occur
only as brief transients, the result of combined wind and density
forcing. Wind driven fluctuations of •5-6 cm s- 1 are seen within the
surface layer. Fluctuations in mean lower layer velocity are due to
both wind events, •2 cm s- 1 , and variations in mouth salinity, as much
as •4 cm/s. The magnitude of the wind driven component in the
calculations agrees with the observed magnitude. However, the phase of
wind driven fluctuations near the estuary mouth does not agree well with
the data from station PLl, as presented by Boicourt and Sanford (1987).
The deep hole and basins at 36 and 54 kilometers contain recirculatory
circulation cells which persist through both spring and fall
simulations. The basin at 68 kilometers maintains two layer circulation
during fall or low flow conditions but is flushed during spring or high
river flow condition~. There is no minimum in salinity variance within
the hole as would be expected were it stagnant. The deep hole is, on
average, well flushed by a vigorous two layer circulation to at least 30
m depth. The hole is subject to brief periods of stagnation in
association with halocline development in the lower estuary and or high
runoff events. Simulations of summertime conditions indicate that the
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deep hole at Pt. Patience can stratify and become stagnant in response
to sharp increases in Chesapeake Bay stratification. During these
episodes, a sub horizontal halocline develops over the deep hole, and
circulation velocities below the halocline nearly vanish.
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Lagrangian Drift Model of Suspended Sediment Transport
in Chesapeake Bay
Kurt W. Hess
National Environmental Satellite, Data and Infonnation Service
National Oceanic and Atmospheric Administration

INTRODUCTION
Suspended sediment transport in Chesapeake Bay is simulated
with a numerical model of circulation and Lagrangian drift,
and modeled distributions are compared to in situ and
remotely sensed data. Suspended sediment, which is
important in itself for transporting chemicals and for
limiting photosynthesis by blocking light, also acts as a
tracer for circulation patterns and can be used in
understanding transport mechanisms. More importantly,
suspended sediment is a variable which can potentially be
used to calibrate and verify circulation models, and unlike
water currents, it can be remotely sensed, making data
acquisition rapid and inexpensive. Model results also offer
the possibility of interpolating conditions in space and
time when only limited observational data is available.
The circulation model used in this study has been used to
hindcast tidal, wind-driven, and density currents in the Bay
and the local continental shelf (Hess 1985, 1986). The
Lagrangian drift model (drifters move at the speed of the
surrounding water) was originally developed to simulate the
motion of free-moving larval stages of marine organisms
(Johnson 1987) and was applied to blue crab larval drift
(Johnson et al. 1986, 1987; Hess and Johnson 1988). That
drift model has been modified to include settling under the
force of gravity and the multiple injection of drifters to
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simulate a continuous source. A settling velocity which
represents suspended sediment particles in Chesapeake Bay
(Schubel 1972) was chosen and applied uniformly to all
drifters. When settling takes the particle to the bottom,
the particle is removed from further advection.
Identification of areas of deposition can also be made.
A convenient test case for the simulation is the high
turbidity occurrence in the upper Bay during the highprecipitation event in March 1979. Remotely-sensed
(Stumpf 1988) and in situ (Cronin 1982) observations of
water turbidity in the Bay are compared to model simulation
results.
THE NUMERICAL CIRCULATION MODEL
Hess (1985, 1986) has developed a general three-dimensional,
free-surface numerical circulation model, called MECCA
(Model for Estuarine and Coastal Circulation Assessment) .
MECCA uses finite difference approximations to the momentum,
continuity, and temperature and salinity equations to
simulate time-varying water currents, salinities, and
temperatures in a shallow water domain at time scales from a
few minutes to several months, and space scales from a few
kilometers to a few hundred kilometers.
The model is
designed to simulate circulation driven by tides, winds,
water density gradients, and atmospheric pressure gradients.
A fully three-dimensional, time-variable approach was
decided upon because of the importance of knowing surf ace
currents (as opposed to layer-averaged currents), and
because of the rapid changes in currents expected to occur
when tides and winds are important.
The major feature of the circulation model is the use of
split-mode velocity equations. The external, or barotropic,
velocity mode (vertically~averaged velocity) is subtracted
from the total velocity to get the internal, or baroclinic,
velocity mode.
Because the internal mode stability
requirement in the numerical solution scheme is less
stringent than that for the external mode, the internal mode
can be updated less often, resulting in significant savings
in computer time.
For these simulations, the external-mode
time step used was 6 minutes, and the internal-mode time
step was 30 minutes. The model uses a dimensionless
vertical coordinate, also known as a sigma coordinate. This
terrain-following coordinate improves the representation of
the bathymetry.
All modeled mass and momentum diffusivities are functions of
local velocity gradients, and therefore may vary over time
and space.
In addition, vertical diffusivities are reduced
in the presence of vertical density gradients as a function
of the local Richardson number.
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The differential equations are approximated by finite
differences on a grid mesh of 434 square and triangular
elements 11.2 kilometers on a side (Fig. 1). Placement of
the variables in the horizontal plane is staggered to
prevent spurious numerical solutions. Vertical staggering
at the 10 model levels allows for better resolution of
vertical gradients. Semi-implicit grid-row manipulations
are employed in both the vertical and horizontal to augment
computational stability. The grid mesh allows for the
resolution of narrow inlets in barriers and for variablewidth channels. These channels allow for rivers, which
generally have widths much narrower than a typical grid
cell, to be explicitly included in the numerical grid
scheme.
Tidal forcing at the deep-water boundaries was represented
by the sum of constituent tides with amplitudes and phases
adjusted to reproduce the tides at the Hampton Roads gage
and the currents at the entrance to Chesapeake Bay. Twenty
constituents are included and the offshore amplitude is
updated each 6 minutes.
Daily river flows at five major rivers (Susquehanna,
Potomac, Rappahannock, York, and James) are supplied at grid
cells representing the approximate location of the fall
lines. These values are assumed to represent midday
conditions: quadratic interpolation is used to estimate
flows at other times.
Numerous model calibration and verification studies have
been carried out over the past few years (Hess 1986).
Validation studies have shown that tides and tidal currents
in the mouth are simulated to the acceptable level of
accuracy of 10 to 20 cm/s, or 15 percent of full scale (Fig.
2), and that tidal currents throughout the Bay as a whole
are of similar accuracy (Fig. 3). Further tests (Hess 1985)
indicate that wind-driven and density-driven currents are
modeled to a similar level of accuracy.
In sum, MECCA
produces reasonable approximations to the actual currents
when historical input data are used. More importantly, it
is a useful tool for the comparison of scenarios covering
long periods, as in high runoff events modeled here. ·
Several simplifications of the model were made for these
simulations. No winds were applied, a linearized bottom
friction was assumed, and water density was assumed to vary
only with salinity. A single-component tide with an
amplitude of 0.4 meters and a period of 12 hours was used to
drive the currents. Constant horizontal and vertical
viscosities were used.
THE LAGRANGIAN DRIFT MODEL
Johnson (1987) has developed a Lagrangian drift model called
LARTREK. LARTREK simulates the movements and distribution
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Figure 1. The circulation model grid mesh for Chesapeake
Bay and the adjacent coastal waters showing the location of
oceanic boundaries, and river inputs. Grid cells measure
11. 2 x 11. 2 km.
Cells marked with an "X" along the deepwater boundary require input water level data.
Cells along
the northern and southern boundaries marked with a "<<" use
a radiation outflow boundary condition. Cells marked with a
">" at the heads of rivers require f lowrate boundary
conditions.
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of Lagrangian drifters using the three dimensional
velocities calculated by MECCA, and algorithms to simulate
beaching and deposition.
LARTREK is run concurrently with
MECCA.
The simulation of suspended sediment transport with discrete
Lagrangian drifters offers several advantages over the
solution of the advective-diffusive equation. Large
concentration gradients at a sub-grid scale can be produced
with Lagrangian drifters.
Identification of individual
drifters allows for explicit representation of the time the
sediment has been water-borne or deposited, and for
determination of the point of origin. An inhomogeneous
sediment can be represented by multiple settling velocities.
The Lagrangian approach also offers advantages when applied
to biological organisms which have swimming or migratory
behaviors.
Horizontal advection
After each external-mode time step of MECCA (6 minutes of
simulated time), LARTREK calculates new positions for each
drifter by three-dimensionally interpolating the u, v and w
components of velocity from MECCA. Because the horizontal
velocity field, v(x), may vary over the distance a drifter
moves within a time step, the drifter's position is advanced
in the horizontal plane by a predictor-corrector method.
For a drifter initially at point x 0 , the first estimate of
the spatially-averaged velocity, v•, is v(x 0 ). Then an
estimate of the updated position, Xp, is computed by
Xp

= x0

+ v't.t

(1)

where ~t is the circulation model's external mode timestep.
An improved estimate of the spatially-averaged velocity over
the path is then computed by
(2)

Another estimated end position is then recomputed from (1);
four iterations of this procedure have been shown to be
sufficient (Johnson et al. 1986).
A small random drift velocity is computed using the
relationship
1 2
v" = [2Ah/6.t] /

(3)

where Ah is the local horizontal turbulent eddy viscosity
(Csanady 1973). The velocity v" is added to the spatiallyaveraged velocity at each timestep in a randomly chosen
direction.
In this numerical drift model, the interaction of a waterborne drifter with the shoreline is carefully controlled.
In the present version of the model, drifters are reset to a
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distance of 100 meters from land if they encounter a land
boundary. Drift parallel to the boundary is not restricted.
In some areas of the MECCA grid system, the land-water
boundary occurs adjacent to a triangular grid.
Because of
the differences in geometry between square and triangular
grids, separate but analogous land interaction schemes and
velocity interpolation schemes are invoked for the
triangular grid cells.
Application to Suspended Sediment
A settling velocity is added to the drifter's vertical
velocity to simulate sediment settlement and deposition. A
velocity of 10-5 m/s (approximately 1 meter per day) was
used in all simulations (Schubel 1972). When a drifter
touches bottom it is deposited and removed from further
motion; there is no resuspension.
Diffusion in the vertical
direction is approximated by introducing a random motion.
Suspended sediment entering the Bay through a river is
simulated by the simultaneous release of five Lagrangian
drifters in the MECCA cell which represents the river's
uppermost reach.
The drifters have the same horizontal
coordinates and are spaced uniformly over the vertical,
starting from the surface.
Injection occurs at specified
time intervals following a hydrodynamic spinup period.
To insure a constant concentration, an injection rate which
depends on the river flow is used. Given a reference flow
(Qr) and time interval (tr), the injection time interval
(ti) for any other flow (Q) is
(4)

Here Q~=2000 m3/s and tr=6 hours. Although there is no
convenient way to accurately estimate concentration from the
distribution of drifters, one could simply divide the number
of drifters in each MECCA cell by the cell's volume to get a
relative concentration.
RESULTS OF SIMULATIONS
General sensitivity tests
Several scenarios were run to test the relative importance
of different factors.
Early tests showed that the nonlinear advective terms have little effect in determining
sediment distribution.
A series of runs was made to determine the time required to
come to at state of equilibrium (i.e. when the rate of
injection equals the rate of removal by deposition) for
suspended sediment entering the Bay through the Susquehanna
River (Fig. 4a).
For a Susquehanna flow of 4000 m3/s, the
time was 7.5 days (Fig. 4b); for a flow of 8000 m3/s, the
time was 11 days (Fig. 4c); for a flow of 12,000, the time
was 12 days (Fig. 4d). The difference in the required times
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Figure 4. Simulated equilibrium positions of Lagrangian
drifters in the upper Chesapeake Bay for various Susquehanna
River (A) flows.
Modeled position of drifters (shown as a
small square drawn at the drifter location) in the uppermost
4 meters at equilibrium for flows of (B) 4,000 m3;s, (C)
a,ooo m3/s and (D) 12,000 m3/s.
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is due to the advection of drifters into deeper water when
the flow is increased.
Tests were made to determine the effect of the vertical
random velocity.
Computing a value from (3), but with the
vertical diffusivity (Av=0~003 m2/s) rather than the
horizontal diffusivity (Ah), gave the diffusive velocity
w'=4 x lo-3 m/s. This speed caused rapid deposition of
drifters and was not suitable for representing diffusion.
An alternative diffusive velocity, 10-4 m2/s, was used
instead.
March 1979 flood simulations
The high flow event in March 1979 is an ideal test case for
the simulation model because shipboard and satellite data on
suspended sediment distributions are available.
Daily mean
river flowrate data for the Susquehanna River (Fig. 5) were
taken from U.S. Geological Survey records (USGS 1979) for
the period of the simulation (1 February - 31 March, 1979).
Annual mean river flowrates were used for the Potomac,
Rappahannock, York, and James Rivers.
Observed suspended sediment concentrations in the
Susquehanna River (Lang 1982) varied with flow, increasing
to a peak on 7 March 1979, and diminishing thereafter; there
is no data before 5 March (Fig. 5). The modeled
concentration was assumed to be zero until 5 March, then to
vary directly with the flow until 13 March, when it again
becomes zero. The injection rate which approximately fits
this assumption is
(5)

Observations of surface concentrations are available for
four March dates.
Landsat images showing Bay-wide surface
water turbidity distribution with a resolution of less than
a kilometer are available for 9 and 17 March (Stumpf 1988).
Ship cruise data is available for 12-13 and 26-27 March
(Cronin et al. 1982).
The observed and simulated distribution for 9 March 1979 is.
shown in Fig. 6. The remotely-sensed area of maximum
distribution extends from the Susquehanna River entrance
southward to latitude 39.00 N. The modeled region of
maximum sediment in the upper 4 meters does not extend as
far south.
The observed and simulated distribution for 12-13 March 1979
is shown in Fig. 7. The shipboard data's area of maximum
distribution extends from the Susquehanna River entrance
southward to about·20 kilometers below its previous
(9 March) position. The modeled region of maximum sediment
in the upper 4 meters extends only as far south as the
northern entrance of the Chester River.
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Figure 7. (A) Observed (shipboard measurement) distribution
of surface suspended sediments (dark areas indicate high
concentration), and (B) simulated positions of Lagrangian
drifters (squares) in the upper 4 meters in the upper
Chesapeake Bay model grid for 12-13 March 1979.
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The observed and simulated distribution for 17 March 1979 is
shown in Fig. 8. The remotely-sensed area of maximum
distribution extends from the Sassafras River entrance
southward to about 10 kilometers south of latitude 39.00 N.
The modeled region of maximum sediment in the upper 4 meters
does not extend as far south.
The observed and simulated distribution for 26-27 March 1979
is shown in Fig. 9. The shipboard data's shows two areas of
high concentrations, one near the Bush River and the other
just north of the Patapsco River. The modeled region of
maximum sediment in the upper 4 meters shows some
patchiness; areas of high concentration are located near
Annapolis and the entrance to Chester River.
Many of the simulations showed that modeled sediment was not
advected as far to the south as the observations would seem
to indicate. To test the influence of the settling velocity
on the distribution, another simulation of the March flood
was carried out with a settling rate of 0.5 x 10-5 m/s, half
the previously used value. There was only a small increase
in the area of maximum near-surface concentration.
CONCLUSIONS
These results of preliminary computer simulations eif
suspended sediment transport demonstrate the potential
usefulness of the technique. Although the sediment.
generally followed the expected patterns, in some cases
modeled suspended sediment did not move a far south in the
Bay as observations would indicate. The simulations may not
be unrealistic, however, given the assumptions of no wind
and no sediment release before 5 March.
Further investigations should focus on the effects of grid
resolution on the currents, influence of density gradients,
the representation of vertical diffusion, and the role and
modeling of resuspension.
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Figure 8. (A) Observed (satellite) distribution of surface
suspended sediments (dark areas indicate high
concentration), and (B) simulated positions of Lagrangian
drifters (squares) in the upper 4 meters in the upper
Chesapeake Bay model grid for 17 March 1979.
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Figure 9. (A) Observed (shipboard measurement) distribution
of surface suspended sediments (dark areas indicate high
concentration), and (B) simulated positions of Lagrangian
drifters in the upper 4 meters in the upper Chesapeake Bay
model grid for 26-27 March 1979.
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How to Estimate the Thickness of Benthic Boundary Layers
in Estuaries With and Without Tides
Sergei A. Kitaigorodskii
The Johns Hopkins University
Department of Earth and Planetary Sciences
Baltimore, Maryland 21218

The benthic boundary layer (BBL) is the fluid layer adjacent to the sea
bottom. It is usually characterized by strong shear and intensive
vertical mixing. In the past the BBL has been modelled as an Ekman
layer. However, as was recently shown by the author, in presence of
imposed background stable stratification the Ekman boundary layer model
failed and the height of BBL is determined by the scale L,i - u. / N,
where u. is the friction velocity based on the bottom stress and N is
the buoyancy frequency, which is chosen to characterize the background
stratification (can be considered also as initial stratification). It
is interesting to apply this idea to the vertical mixing in estuarine
systems in presence of strong tides. Some estimates relevant to the
description of the variability of heights of BBL in such conditions will
be presented.
The purpose of this short paper is to show that the benthic boundary
layer (BBL) ~enerated by tidal waves can be stron~ly influenced by the
presence of imposed background stable stratification. since the
thickness of BBL is much less than the wavelength, the Prandtl model for
laminar BL can be described by the equation

ou
o2 u ou.
--v----ot oz 2 at

( l)

where u. is the free stream velocity which in the case of tidal wave on
finite depth can be presented as

u. = v 0 cos ( k x -
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C1 t)

(2)

where v.-aalshkD, a is wave amplitude, D is depth, k and a are
correspondingly wave number and frequency. The thickness of laminar
benthic boundary layer 6 in such case is given by the usual expression
(3)

where v is kinematic viscosity, T is wave period. It is well known
since the work of Collins (1963) that in natural conditions :the BBL is
always turbulent even if wave amplitude a doesn't exceed a few
centimeters. Since the period of tidal wave T and the characteristic
length A·2n/k exceeds the typical time and length scales of turbulence
in the BBL, the tidal motion can be considered as a continuous sequence
of stationary realizations for the BBL, or at least the parameters of
BBL can be treated as slowly varying functions of time and position
(compare with T and A•2nlk). This justifies the approach when to
estimate the height h of a turbulent benthic boundary layer we can
introduce an effective value for eddy viscosity Kh in such a way that
instead of (3) we can write
( 4a ,b)

For effective turbulent viscosity in shear driven BBL we can use the
simplest expression
Kh=u.h

Here we avoid a numerical constant of proportionality being
one. More precisely the expression (5) can be written as

(5)
·~f

Kh=i<u.h

where

N•0.4,

order
(6)

With (6) the expression (4a) can be rewritten as

where the scale

L,

h=2ul 0

(7)

u.
L a =a-

(8)

is defined as

The scaling length L, corresponds to the scale of the well mixed region
in neutrally stratified tidal BBL and is a fundamental estimate for the
thickness of turbulent BL generated by periodic tidal motion. the
application of the scale L, to the estimates of the thicknesses of
benthic boundary layers need first of all its comparison with internal
Ekman scale L,-u.1a (a-Coriolis parameter, which is a good measure of the
height of stationary turbulent boundary layer. Since as a rule

Lo a
-=-ail

La

f2

(9)

we can conclude that BBL generated by tidal motion in neutrally
stratified environment can easily reach Ekman height L8 • A typical
range of values of u. in tidal flows with different bottom roughness
conditions are 0.7-4 cm/sec (see Kagan, 1968). For this range of values
of u. the semidiurnal tide will produce BBL of the thicknesses which are
comparable with the Ekman height L8 • However some recent observations
of the turbulence close to the sea bottom (see for example Ozmidov,
1987) and also the numerical simulation of the formation of BBL in
initially continuously stratified fluid subject to a suddenly imposed
barotropic pressure gradient demonstrate that the thicknesses of the
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well mixed turbulent region close to the bottom of the sea are
sufficiently less than the scales L~ and L,. Following recent work by
the author (S.A. Kitaigorodskii, 19~8) it can be explained by taking
into account the effect of initial stable stratification N(z,x), where N
is Brunt-Vaisals frequency (can be considered as slowly varying function
of time and position). In this case the growth of BBL is limited, since
the flux Richardson number Rfh in the vicinity of the entrainment zone
must be less than its limiting value Rf~im' The basis for the estimate
of flux Richardson number Rfh is the following simple formula for the
entrainment buoyancy flux Qh

( 10)
The above mentioned condition for Rfh can be written as
Rf h

...

-

Qh

2
u.duldz

~Rf um

( 11)

There are two ways to proceed further. First is based on the assumption
that the major contribution to the du/dz comes from the constant flux
region of BBL, which is not yet influenced by rotation. Then we can
write that
u~

du
dz

(12)

Kh

which permits to rewrite (11) using again (5), (6) and (10) as
b .. Rf um
)(

l

..
N

u.

(13)

N

where the scaling length I,. corresponds to the scale of the well mixed
region developed by upward diffusion of turbulent energy in the presence
of a background stable stratification and b is a numerical coefficient.
Its value can be estimated by taking Rf um "'0.10-0.15 and 11-0.4 as 2-3,
which is not too far from empirical findings, based on the data from
stratified atmospheric boundary layers (Kitaigorodskii, 1988). The
application of the scale ~ to the estimates of the heights of BBL
generated by tidal waves need first of all its comparison with the scale
L.-u.la.
The expression (13) can be rewritten as
(14)

and since as a rule for semidiurnal and diurnal tides alN« 1, we can
conclude that in the presence of imposed stable stratification the BBL
generated by tidal motions never reaches equilibrium on the typical
Ekman scale L,•L. , but rather achieves a quasi-equilibrium thickness
characterized by the plate hN - b u./N. If instead of the assumption
(13) we will estimate shear as duldz•u.lh, then instead of (14) we can
write (by using (2))

h bLN(u.;:kD )1 blo(~ )(u.;:kD )1
12

=

=

12

(IS)

It means that the growth of tidal BBL is limited not only by the scale
(in the presence of imposed stable stratification) but also by the
magnitudes of tidal motions. For finite depth D and given kD (let us
say of order one) (17) can be rewritten as
~

h =

blN ;
(

0
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1/2
)

(16)

which demonstrates that if the tidal wave amplitudes are very small the
BBL can become very thin compared both with Ekman height L8 and height
hN - b Li.. The detailization of (17) can be done by assuming some form
for the bottom stress u. 2 . If we'll use the classical quadratic law
u~-u!-a'CJ' then

a aa
- = - =canst
LC1
u.
Even though
write that

aC1lu.-10·•

( 17)

the square root of it in (17) permits still to

a

h=L N -L 0 N
-

( 18)

Therefore in the case of imposed background stratification we can simply
write that the thickness of equlibrium turbulent boundary layE~r are
defined only by two scales Li. and L,, so that
(20)

where
( 21 )

The two asymptotic expressions for Y (µ,) will correspond to
(neutral BBL) when h-L, and µ,-+O when h-LH.

µ,. .... ..,
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Abstract only

High-Resolution Thermistor Chain Observations
in the Upper Chesapeake Bay
Charles C. Sarabun, Jr.
The Johns Hopkins University
Johns Hopkins Road
Laurel, Maryland 20707

Selected results from four years (1984-1987) of thermistor chain data
and coincident CTD, current meter and acoustic backscatter measurements are
presented. The data shown exemplify a number of super-tidal features which
were ubiquitous during the measurement periods. The features are subsurface
intrusions with mixing and high-frequency internal waves on their surfaces,
estuarine surface fronts, monochromatic, high-amplitude internal wave trains,
breaking internal waves and broader-band internal wavefields. These features
are discussed in light of their effects on mixing and transport, and their
implications for monitoring sampling strategies and interpretation of results.
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Satellite Observations of Turbidity Variations in
Chesapeake Bay, Spring-Summer 1987
Richard P. Stumpf
National Oceanic and Atmospheric Administration
National Environmental Satellite, Data, and Information Service
Assessment and Information Service Center
Washington, DC 20235

INTRODUCTION
The transport and distribution of suspended sediments can have a strong
influence on the living resources of Chesapeake Bay through their effect
on turbidity and siltation. The suspended matter shows considerable
spatial and temporal variability--particularly with changes in river
discharge. As these variations may occur within a few days within
portions of the Bay system; frequent, synoptic observations are needed
to evaluate the changing conditions.
Satellite sensors may provide routine synoptic coverage of the turbidity
or sediment loads in the surface waters of the Bay. Although satellites
have been used as a means of routine monitoring of chlorophyll and
temperature in the ocean (e.g. Brown et al. 1985), they have not been
used for routine studies of estuaries. The experimental Coastal Zone
Color Scanner (CZCS) had some potential for this purpose, however some
of the bands did not have the dynamic range to handle turbid water. (It
was also shut down in June, 1986.) Landsat and SPOT sensors provide
only 1-2 images per month, therefore the frequency of usable (cloudfree) images is too low to monitor changes caused by episodic events.
In contrast to these other sensors, the Advanced Very High Resolution
Radiometer (AVHRR) can provide daily images with usable radiometric
information; therefore it appears to be the best sensor presently
available to investigate estuaries.
Currently, this sensor can provide reliable estimates of sea surface
temperatures (Strong and McClain 1984). It has been used to detect
chlorophyll blooms in turbid water (Stumpf and Tyler 1988), and through
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the calculation of water-reflectance from the sensor data, Stumpf (1987,
1988a, 1988b) has shown the ability of this sensor (and others) to
provide estimates of suspended sediments (seston) or turbidity measures
such as the Secchi depth or attenuation coefficient. This paper will
show the utility of this sensor in monitoring short-term and seasonal
changes in turbidity, as defined by reflectance, in Chesapeake Bay using
data from 1987.
METHODS
Satellite Characteristics
The AVHRR is onboard the NOAA TIROS-N (Television and Infrared
Observation Satellite) platform, which is polar-orbiting and sunsynchronous. NOAA-6, 8, and 10 overpasses occur at about 0800 and 2000
local time. NOAA-7 and NOAA-9 overflights occur about 1430 and 0230
local time. During 1987, the NOAA-9 and NOAA-10 satellites were
operational. The satellites have approximately a 9-day cycle and track
from west to east, producing about 6-7 potentially usable daytime scenes
during each cycle.
The AVHRR scans orthogonally to the direction of travel over an angle of
±55.4° from nadir. The usable scene width is about 2000 km. The sensor
'has a field of view (pixel size) of 1.4 milliradians, which corresponds
to a ground diameter of 1.1 km at nadir. The satellite collects 360
scanlines per minute.
The AVHRR has either 4 or 5 bands as shown in Table 1. Channels 3, 4,
and 5 are used to calculate sea surface temperature. Channels 1 and 2
are used here in the calculation of water reflectances. The
specifications of the AVHRR are described in detail in Kidwell (1985)
and Lauritson et al. (1979). Stumpf (1987) and Everdale (1986) present
example treatment and applications of the data to coastal oceanography.

Table 1.

AVHRR Spectral Bands

channel
wavelength

1

2

3

4

.58-.68

.72-1.0

3.5-3.9

10.5-11.3

red

near-IR

5*
11.5-12.5

(~)

description

thermal - infrared

*Available only on NOAA-7 and NOAA-9.

Processing
The images were obtained as Level lB digital data tapes from NOAA's
Satellite Data Services Division. The images were mapped to a Mercator
projection with a pixel size of 1.18 km at 38°N using a nearest neighbor
routine, and missing data points were filled with a 3x3 average. An
additional linear correction produced a positioning accuracy of 1 pixel

for the shoreline. Both reflectances and SST's were calculated for each
image. The temperatures, not presented here, were calculated using the
equations in Kidwell (1985).
The reflectance is the ratio of irradiance leaving the water to the
irradiance entering the water. This is estimated using
R(A)

=

(1)

where
(2)

R is the above water reflectance, A is the spectral band, Lw is the
radiance from the water, 1* is radiance at the sensor, LA is the
atmospheric path radiance, Ti is the transmission coefficient from the
earth to the sensor, E0 is the solar irradiance outside the atmosphere,
90 is the solar zenith angle, Tr is the Rayleigh optical depth, Toz is
the gaseous (e.g., ozone) absorption optical depth (Stumpf 1988b).
Equation (2) is an atmospheric correction assuming uniform atmosphere
over the scene area. This acts as a bias correction for both Rayleigh
scattering radiance and minimum aerosol radiance (Stumpf 1988b).

An additional correction is performed to remove variable haze and clouds
(Stumpf 1988b).

This correction is
Ro -

R(l) - YR(2)

(3)

where Ro is the cloud-corrected reflectance; R(l) and R(2) are
determined from (l); and Y is a constant determined by the aerosol
characteristics. This correction has the advantage of removing
atmospheric contamination pixel-by-pixel. Here, Y is set equal to 1.0,
which applies to aerosols having relatively large particles, such as
clouds, that produce achromatic,haze. Heavy overcast and some (colored)
haze types cannot be removed and generally produce elevated
reflectances. Overcast was masked in white using a combination of
temperature and reflectance data.
Ro has a precision within about ±0.004 depending on the presence of
uncorrectable haze. The accuracy cannot be readily determined, owing to
uncertainties in the sensor calibration. There is evidence that the
NOAA-9 AVHRR channel 1 and channel 2 detectors have shown a decrease in
sensitivity since launch, however the sensor has no onboard method of
calibrating this change. Currently, the calibration has not been
corrected for changes in sensitivity, therefore reflectances shown in
this report may be somewhat less than the true reflectances (or those
observed when the NOAA-9 was first launched in 1985). Within the 7month period investigated here, changes in the sensor should remain
slight.
Stumpf (1987) has shown that the reflectance can be related to the

suspended sediment concentration through the relationship

R

.33 bbs *

(4)

where ns is the sediment concentration; bbs* is the specific backscatter
coefficient for the sediment; S* - as * + bbs * , where as * is the specific
absorption coefficient of materials related to the sediments; and ax is
the absorption coefficient for water, dissolved and algal pigments.
Constant values of bbs* ands* can be used to describe an estuary over a
range of data. Variations in ax, such as would occur in strong blooms,
may affect the relationship, and may reduce the value of Ro somewhat
below the true value (Stumpf 1988b). The form of this relationship
causes R to vary approximately with the logarithm of ns.
Monthly mean reflectances were determined using four weekly scenes per
month. The spatial means were found using all the pixels within a
geographic area. The upper Chesapeake extends from 39°27'N to 39°02'N,
the middle Bay from 39°02'N to 38°22'N, the lower Potomac from 11°01•w
(Morgantown) to the entrance, and the lower James from 76°4l'W to the
entrance.
River flow data was obtained from USGS gaging station data. The
stations are at Conowingo Dam, Maryland for the Susquehanna, near Chain
Bridge at Washington, DC for the Potomac, and Cartersville--about 60 km
above the fall line at Richmond--for the James.
RESULTS
River Flow
The three major tributaries to the Bay, the Susquehanna, Potomac, and
James Rivers, showed their highest flows of the year in March and April
1987 (Figure 1). Peaks occurred about March 3 in the Potomac and James.
The Susquehanna had high flow about March 11. In April, the Susquehanna
and Potomac Rivers had high flow events somewhat early in the month,
both rivers peaked about April 6 and the Potomac had its maximum peak
for the year about April 18. The James peaked twice later in April,
with flood conditions about April 18 and high flow on April 26. Flows
from June to September corresponded to those in May, with no high flow
events through the summer.
The satellite imagery shows variations in reflectance consistent with
the expected influx of sediments during these events. As an example,
Figures 2 and 3 show reflectances on April 1 and April 10. The
Chesapeake and lower Potomac have low to moderate reflectances (<0.025)
on April 1, with the James showing moderately high reflectances (0.03).
On April 10, after the Potomac and Susquehanna had flow peaks about
April 6, their estuaries showed high reflectances. The Susquehanna
plume extended into the middle Bay below Annapolis (marked A in the
figures). The turbidity plume from the Potomac extended into the main
Bay, with reflectances of double those of April 01, even though the flow
peak was not exceptionally large for this river. In contrast the James
estuary had maintained approximately the same reflectance, consistent
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Figure 1. River discharge for the Susquehanna, Potomac, and James
Rivers, Spring of 1987.
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Figure 2. Rn reflectances for Chesapeake Bay found from NOAA-9 data on
01 April 1987.
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Figure 3. Rn reflectances for Chesapeake Bay found from NOAA-9 data on
10 April 1987.
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with the lack of a strong peak in discharge.
The high flow events clearly carry material into the lower portions of
the estuaries (Figure 4). The· early March event apparently caused
increased mean reflectances in the lower Potomac and James. In
contrast, the March 5 and March 11 peaks in the Susquehanna did not
carry sufficient material into the middle Bay to affect the mean
reflectances. The April 6 peak in the Susquehanna (highest of the year)
did carry sediment well into the middle Bay (Figure 3). The lower
Potomac also had increased reflectances resulting from the April 6 and
April 18 peaks.
Reflectances in the lower James peaked later in April, consistent with
the later peak in the river discharge. The Potomac and Chesapeake
reflectances decreased to summertime levels by mid-May. The lower James
finally decreased to a mean reflectance of 0.015 by late June.
Monthly Mean Reflectance Variations
The variations in mean reflectances over the Bay during the spring and
summer followed the seasonal changes in river flow. Total discharge
into the Bay was high in March, increasing in April and decreasing
through the summer (Figure 5). The mean reflectances were moderate in
March and increased in April in the lower portions of the major
tributaries and the middle and upper Bay (Figure 6). The means in these
areas decreased into May-June. The James, which started with far higher
reflectances, showed continued decreases into July-August.
Tangier Sound and a turbidity zone along the Virginia western shore
below the Rappahannock maintained moderate reflectances throughout the
period. As these two areas are not directly associated with any rivers,
other factors beside discharge would determine their turbidity levels.
CONCLUSIONS
The reflectance data collected from the AVHRR can show variations in the
turbidity or suspended sediment loads of the Bay. The imagery
identifies the positions of turbid plumes caused by high river flow and
reveals fronts and small scale temporal changes. Examination of the
series of images shows the effects of individual high flow events.
Moderate discharge can increase the turbidity of the estuarine portions
more than 60 km from the fall line.
As the estuaries may take several weeks to clear, the timing of these
events may be critical in determing the productivity of these portions
of the Bay system during the spring and early summer. Continued
analyses of these events, particularly in comparison with long-term
averages, could establish the frequency and importance of the high
turbidity events.
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Figure 4. Variation in spatially averaged Ro reflectances in the middle
Chesapeake Bay, lower Potomac, and lower James, 1 March - 28 May 1987.
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Evaluation of Conowingo Reservoir Release for Controlling Salinity
in the Upper Chesapeake Bay
Bernard B. Hsieh
Maryland Department of Natural Resources
Tawes State Office Building
Annapolis, Maryland 21401

A dynamic system model with both control and predict phases
is developed to achieve the effect of controllable input on
an output variable combined with other uncontrollable inputs.
'Ibis system uses variable coefficients and a self-tuning
scheme, recursive computation algorithms, and small computational and storage requirements. Testing of present regulations will evaluate alternative release policies for potential
use. This model will denonstrate the :i.nq:>acts of regulated
riverflow from the Conowingo Reservoir on salinity in a tidal
dynamic Chesapeake Bay system. SUb-tidal heights and local
wind stress are considered as the uncontrollable inputs in
this model. 'Ihe effects on fishery spawning and drinking
water are evaluated by this system as well.

Riverflow from the SUSquehanna River is discharged into the
Chesapeake Bay after being regulated by a multi-objective
reservoir, the Conowingo Reservoir. 'Ihe circulation patterns
of the Bay, typical of an estuary, are daninated mainly by
tidal fluctuations, seasonal freshwater discharge, and wW
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forces on the water surface. Maintaining water quality in the
Bay, especially salinity, is a major concern for operation of
this resei:voir. 'Ihe Upper Chesapeake Bay and Elk River are
i.rrp:>rtant rockfish (Merone saxatilis) spawning areas.
Salinity levels favorable to rockfish larvae spawning and
growth are between o. o and 5. 00 ppt. '!heir spawning pericxi
usually occurs in the spring, which is classified as a high
flow season in this area. '!he salinity level (chloride) of
the Susquehanna nn.ist remain 250 ppm or less to meet drinking
water standards for the city of Havre de Grace, downstream.
New release strategies can be implemented when the required
riverflow is detennined. '!his estimate is derived by testinJ
specified salinity levels in certain critical areas. Recent
research (Hsieh 1987) indicates that the SUsquehanna riverflow, Chesapeake Bay sub-tidal signals and the cross-Bay
co:rrponent of wind stress from the Delaware Bay mouth are the
most significant forcing functions that influence daily
salinity levels in the Elk River area. A multiple-input
control and prediction model with self-tuning scheme and
variable forgetting factor modules is used. to evaluate this
water resources management problem. 'Ihe results of this study
could :be linked to a regional control center as one of the
sub-systems; In this way, all specialized control loops could
be used as a whole to address the management needs of the
entire river basin.
'!here are several advantages of using the system model
approach: When only select critical areas need to be evaluated
for envirornnental effects, a model which connects mechanism
sources can simplify the complexity of the problem; 'Ihe system
model reduces data requirements for model calibration and
verification, and simulation costs for designing long-tenn
engineering plans; 'Ihe self-tuning scheme can :be used. to
install a telemetry computer system for designing future
automatic control facilities.
'Ihe design for a tidal water quality control system is shown
in Figure 1. In this design, the system output, salinity, is
the function of three separate inputs. 'Ihe controller, cambined with the cost function and system model, calculates the
required riverflow when a desired or set-ix>int salinity is
proposed. system parameters and coefficients of the controller are adjusted by a recursive algorithm for each time
step, after initial corrlitions are given. 'Ihe system output
shows a strong non-linearity when conpared with each system
input. Usually, a non-linear transfer function can be used to
simulate the approximate system coefficients. However, in a
noisy water envirornnent, the order selection is problematic.
'Ihe higher-order system IOOdel is not practical for this
calculation, whereas the lower-order IOOdel results in less
accuracy. '!his problem can be solved by usirq recursive
processes. Kalman' s est:ilnation method includes variable
forgettirq factor (weightirq factor), and therefore enables
the parameter estimates to follow both gradual and sudden
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Figure I. Salinity variation due to natural forcing system in an
estuary environment.

changes in the dynamic system (Fortescue et al. 1981) • Use c>f
a variable forgetting factor with the correct choice of
infontlation bounds can avoid difficulties associated with
constant exponential weighting of past data. Recursive
estimation methcx:ls are no longer required. to generate an
optimal solution but the initial covariance can still be
accurately estimated using this process.

Astrom (1970), Astrom and Witternnark (1973), and Clarke and
Gawthrop (1975) introduced and developed a self-tuning regulator or controller, which uses a stochastic difference
equation as a system identification algorithm, and a feedback
control law to minimize the variance of the output function.
'Ihe basic self-tuning controller structure has been expanded
and is now applicable to multivariate cases {Borisson 1975,
1979; Koivo 1980; and Bayoumi et al. 1981). Ganerrlra (1978)
used a self-tuning controller with real-time control of
release from a river-regulating re.seIVoir. Ganerrlra ( 197 6)
also used a self-tuning predictor to develop a riverflow
forecasting model.
To satisfy alternative release policies and downstream water
quality control needs, a self-tuning predictor is used in
conjunction with a self-tuning controller to generate the
obse:tve1 output (salinity). 'Ihe generate1 obse:tve1 output and
original uncontrollable inputs, couple1 with an alternative
release policy, produce the optimal required riverflow through
the controller. 'Ihe individual system designs for the self-·
tuning controller and predictor are shown in figures 2a and
2b. A self-tuning controller with unknown parameters and
variable forgetting factor is used to define the estuary's
water quality for this multiple-input case. 'Ihe governing
equations for this model are summarize1 as:
A(q-l)y(t) = B(q-l)u(t-k1) + H(q-l)Tc(t-Kc)
+ M{q-l)ws(t-K..,,) + C(q-l)e(t)
where q-1
y

= backward

(1)

shift operator.

= system output (salinity) •

u = system input/control variable (riverflow).
Tc = sub-tidal heights from the Chesapeake Bay mouth.
ws = wind stress fran the Delaware Bay IOOUth.
e
= a sequence of indeperrlent random numbers (noise).
1
-1
-n
A
= b + ablq -1+ • •. + !~q-n.
B
= 0 + lq
+ •.. + -nq •
1 +
.-=i +
+
-n
c = ""'
chlq -1 • • •
~q-n.
H
= ·-u + 1q
+ ••• + ."'Ilq •
= mo + m1q-l + ••• + Innq-n.
M
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= pure time delay between riverflow and salinity.

¥W

salinity.
=pure time delay between wind stress and salinity.

Kc = pure time delay between tidal heights and

Using the above infonnation and concepts of minimum square
error predictor and minimum cost control, we obtain the
control variable :
(2)

u(t) = -1/E(Gy(t)-CW(t + kl) + HFTc(t-kc+k1) + MFWS(t-kw+k1))

where
F = 1 + flq-1 + ••• + fl-k ql-k1
1
G = go + glq-1 + ••• + gn-lql-n
To sirrplify the notation, data and

(4)
(5)

parameter vectors are

introduced:
(6)

4><t) = (u(t), ••• ,u(t-n),y(t), ••• ,y(t-nrl), w(t+kl_l), ••• ,
w(t+K1-n) ••• ~ct+k1 -kc), ••• ,Tc(t+k1 -kc-n), WS(t+ki-kw>
, .•• ws (t+Ki-FW-n) )
(7)

where Jl=HF and J2=MF.
'!he final required riverflc:M is conplted using the fonnula:

*

u(t)

= -1/eoC4>ct> &Ct)

- eou(t) - w(t+k1 ))

(8)

'!he predicted output for the self-tuning predictor is
carrputed using a similar procedure except that the minimum
loss function is calculated by the predictor instead of
calculating the cost function with the controller. 'Ihe new
parameter vector is presented as:
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where f(t) =prediction error at time t •
.,(t) = prediction estimate at time t.
'Ihe predicted output at time step (t+K1 ) is:
'}(t+K1) =f (t)

9 (t)

(10)

SIKJIATICN EXPERIMENrS AND APPLICATIOOS

A salinity station in the Elk River area near Town Point, MD
selected as the study site. 'Ihis location was chosen
because of the ease in expressing transport mechanisms from
several directions of forcing as well as the aburrlance of
existing data. 'Ihe flow station is located downstream from
Conowingo Dam, SUsquehanna River.
'Ihe subtidal height is calculated by reiooving the sernidiurnal and diurnal components from hourly tidal records at
Hampton Road, Va. 'Ihe wirrl data from Wilmington, Del. is
converted to local cross-Bay wirrl stresses. 'Ihe daily mean
data set is obtained by subtracting several detenninistic
components from the hourly readings and taking the daily
average. 'Ihe nroel time step was selected as one day.
Estimation of coefficients for the self-tuning controller is
made by supplying an initial coefficient vector and initial
error covariance, pure delays, and the stabilizing factor.
However, these values can only be rough estimates since this
system is assumed to be unknown. 'Ihe lower-order system is
used for silrplicity. '!he sum of square errors and minimum
forgetting factor can be estimated by the degree of noise.
Usually calibration is done by assuming that the desired
salinity is equal to the observed salinity, then adjusting k.1 1
kc1 and kw l.ll1til the most optimal and stable corxlition is
attained. 'Ihe forgetting factor resporrls to the sensitivity
of the estimated error for each time step. nrring the
calibration process, a minimum value of forgetting factor is
needed to manage the most dynamic corxlition. 'Ihe required
flow would nearly equal the measurement flow in an optimal
selection of these system parameters. 'Ihe final selection for
this study is kv kc, and kw equal to 1, and equal to 0.20
(n=2). 'Ihe self-tuning predictor is calibrated by using the
sum of square errors as the single irxlicator.
was

Fishe.l:y Spawnllg

am. DrinkinJ water carems

(a:a1tro1 Blase)

Iata from the Upper Chesapeake Bay hydrographic smvey
(MD-r::NR) were used to estimate the difference between Havre de

Grace am Old Town Point when salinity infonnation in the
Havre de Grace area was not available. 'Ihis difference can be
used as an approximate basis for the s.inru.lation. Urrler this
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prior consideration, eight sets of simulation tests were
corxiucted. '!he target assunptions were: (1) Target values of
salinity in the Elk River were selected as 0.1 and 2.0 ppt,
during the spawning season; and (2) Target salinities in Elk
River were 2. O and 4. O ppt during the low flow season. '!he
second assurrption will result in salinity levels of about 1.3
ppt and 2. 5 ppt in the Havre de Grace area.
'!he difference between required flow and obsaved flow, is
evaluated for excess or deficient conditions. '!he daily
results of these simulation tests are averaged on a monthly
basis (Table 1) to examine how current release policies, (5000
cfs minimum release from 15th of April to 15th of September)
meet the needs for each month. '!he simulation shows that the
current policy provides adequate water quality for striped
bass spawning and larvae under the conditions during the
springs of 1982 and 1983. However, greater flows are required
during the fall season to meet drinking water standards,
especially during october when the policy is not in effect •
.storage Reallocatia'l Plans (Predictic:n Riase)

'!he prediction phase of the model evaluates the effects of
storage reallocation at the lower SUsquehanna River basin on
the Upper 01.esapeake Bay. '!WO plans at the IOC>Uth of the
SUsquehanna River's USGS station in Marietta are provided by
the US Arrrry Co:rps of Engineers (Baltimore District), both of
which meet the flow target of 5000 cfs and 7 400 cfs. '!he flow
difference between each plan and the historical flow will be
used to add or subtract from the flow at the USGS Conowingo
Station. '!he new flow, considered as the new controllable
input, simulates salinity levels produced by the reservoir's
operation. '!he two uncontrollable inputs remain the same.
'Ihe corresponding salinity difference (original and simulated)
and flow difference (original and simulated) for each plan are
shown in figures 3a-3d. '!he maximLnn difference cx:x::urs in
October 1983 (0.4 ppt), when the mean salinity level is about
6. 2 ppt. '!he effects of both storage reallocation plans are
insignificant. However, more salinity stations are required
to obtain more definitive conclusions.

(1)

For a dynamic estuarine environment, a multivariate
control system with variable forgetting factor (control
and prediction phases) is capable of simulating sudden
changes in input and output functions. '!his scheme
eliminates non-linearity effects in a dynamic, noisy
system.
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Yr/Month
1982 April
1982 May
1982 June

1982 Sep.
1982 Oct.
1982 Nov.

Yr/Month

.....,
~

1983 April
1983 May
1983 June

1983 Sep.
1983 Oct.
1983 Nov.

Tarset

s.

Observed S.

Reguired F.

Observed F.

0.10
2.00
0.10
2.00
0.10
2.00

o. 11
0.84
0.84
0.83
0.83

55337
50967
25289
22323
54678
50626

2.00
4.00
2.00
4.00
2.00
4.00

I. 71
1. 71
4.79
4.79
4.21
4.21

6444
5040
8255
6666
13211
11313

6546
6546
6000
6000
11243
11243

Reguired F.

Observed F.

Target

o. 10

O. II

s.

Observed S.

55281
55281
23931
23931
53159
53159

Diff. F.

% Change

56.00
-4313.78
1358.58
-1607.69
1519. 74
-2532.97

0.10
-7.80
5.68
-6. 72
2.86
-4.76

-101.88
-1505.57
2255.58
665.88
1968. 13
70.41

-1.56
-23.00
37.59
11.10
17.51
0.63

Diff. F.

% Chanse

2.00
O. IO
2.00
o. 10
2.00

0.53
0.53
0.16
o. 16
0.23
0.23

37074
33697
51451
47350
33478
30348

36265
36265
51242
51242
33248
33248

808.51
-2567 .87
208.90
-3891.36
229.99
-2863 .81

2.23
-7.08
0.41
-7.59
0.69
-8.61

2.00
4.00
2.00
4.00
2.00
4.00

2.53
2.53
6.23
6.23
3.39
3.39

5981
4644
10740
8820
23705
21252

5368
5368
7040
7040
22681
22681

621. 71
-724. 77
3664. 13
1780.06
1024 .35
-1428 .84

11.41
-13.50

Table I. Required riverflow from simulation experiments for
multivariate control model when a given target salinity
at Town Point is set.

52.05
25.28
4.51
-6.30

2000

1500
1000

f
I

500

0

w

d

0

~ -500
Q.
ll

-1000

1

-1500

-2000
JUL~2

JAN1J3

JUL83

JAMSi

Figure 3(a) Flow change at Conowingo gauge (USGS)
due to 31,000 acre-feet maximum storage
plan(U.S. Army Crops of Engineers) at
Mareitta gauge.
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Figure 3(b) Simulated salinity change due to flow
variation of 3(a).
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Figure 3(c) Flow change at Conowingo gauge (USGS)
due to 280,000 acre-feet maximum storage
plan(U.S. Army Crops of Engineers) at
Mareitta gauge.
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Figure 3(d) Simulated salinity change due to flow
variation of 3(c).
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JAN84

(2)

'!he self-tuning scheme is {X)tentially useful for
telemetcy systems. 'Ihis system can be linked with
multi-objective reservoir operation systems to
optimally utilize water resources.

(3)

'Ihe pure delay between the output function and the
control variable is the ll'OSt critical factor affecting
the stability of this system. Proper selection of the
mini.mum forgetting factor is related to the system's
stability when sudden chan;Jes in input variables
occur.

(1)

A regulation evaluation system is currently being
conducted by coupling the control phase with the
prediction phase. A reservoir management m::xiel using
reliability programning Irethods can detennine an
optimal solution and the highest reliability for the
entire system.

(2)

Target stations other than Town Point are needed
to verify the m::xiel and examine the Upper Bay
variations before a final decision is made.

(3)

With same m:dification, this m:x:lel can be used for
water quality arrl target flow control systems.

SUpport fran the Water Resources Administration and the
Tidewater Administration for this project are sincerely
acknowledged.
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Controlled Energy Dissipation from River Inflow as a Factor
in Managing Estuarine Water Quality
T. A. Wastler
Office of Marine and Estuarine Protection
U.S. Environmental Protection Agency
Washington, DC 20460

INTRODUCTION
River inflows into estuarine systems may carry with them large
amounts of energy depending on their size and volume, and
the constant tidal action provides an additional input of energy
carried by the rhythmic movement of water into and within an estuary.
The potential and kinetic energy of rivers is often
tapped for hydroelectric power during their passages toward the
sea;
and where tidal range and velocity are sufficient, the
energy of tidal action has been used to generate electrical power.
As the flow from a river and tidal flow from the sea meet in an
estuary they usually are moving in different directions, with the
kinetic energy of their passage also moving in opposite directions.
Upon the meeting of two such jnflows the kinetic energy
is rapidly dissipated, sometimes with dramatic visible effects.
For example, with an incoming tide there may be a zone of
significant wave action, i.e., a "tide rip", over a limited area
during a time of very light winds. Conversely, on an ebb tide
there may be a zone of very smooth water with a clearly visible
line of demarcation between two water bodies as the kinetic
energy from river and tide move smoothly along together. In
either case the kinetic energy from both sources is dissipated in
an uncontrolled manner with effects generally on the mixing characteristics of the system, particularly on stratification and
resuspension of sediments.
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If the dissipation of this energy in the Chesapeake Bay could be
controlled in some manner, it might very well he possjble to control the extent of stratification in parts of the Bay so as to
enhance the aquatic environment for livJng resources management
and public health. This investigation is a preliminary investigation of the technical feasibility of doJng this in the Chesapeake
Bay. It does not address the broad issues of administrative
feasibility, social desirability, and legal responsibility, nor
the even broader scientific issue of whether or not we know
enough about the physical, chemical, and biological processes of
the Bay to be able to do this in a responsible manner.
The specific questions to be addressed in this study are:
1. Has a significant change in estuarine stratification and water
quality
resulting
from a river jnflow change ever
been
documented?
2. What physical conditions would be necessary to do this in the
Chesapeake Bay and do they presently exJst?
3. Can the propagation of kinetic energy and its dissipation in
the Bay be demonstrated?
4. Is it feasible to develop a mathematical description of the
kinetic energy flow in the Bay sufficiently quantjtative to serve
as the basis for regulating river discharges into the Bay?
5.
Since such a management scheme would involve real time
control of river flows into the Bay, what information on
conditions in the Bay would be needed as a basis for using such
an approach?
G.
Is this approach worth pursuing further, and, if so, what
must be done?
The following sections of this paper address each of these
questions in order.

HAS A SIGNIFICANT CHANGE IN ESTUARINE STRATIFICATION AND WATER
QUALITY RESULTING FROM A RIVER INFLOW CHANGE EVER BEEN
DOCUMENTED?
In the early 1940's at Charleston,S.C., a hydroelectric dam was
built near the head of tidewater on the Cooper River, the major
river input to Charleston Harbor. To feed this dam, the flow of
the Santee River was diverted to the power pool behind the
structure. The net result was an increase in mean river flow to
Charleston Harbor from 300 cfs to 15,000 cfs. The first noticeable effect of this change was an increase in the cost of dredging from $400,000 per year to $4,000,000 per year over a period
of several years; even at this cost it was impossible to keep
any slips perpendicular to the main channel clear.
A subsequent investigation(Wastler and Walter 1969) showed that
the increased river flow had changed the main part of the Harbor
from an unstratified to a salt wedge estuarine circulation
system. This study concluded that reduction of the mean flow to
less than 8000 cfs would break the stratification and reduce the
input of sediment to the Harbor. The flow of the Santee was in

part rediverted to its original waterway to reduce the mean flow
to these levels, and the stratification was indeed broken.
The Harbor at Charleston is once again a natural deepwater system
with a significant reduction in annual dredging costs. Sedimentation was reduced to nearJy its orig]na] levels and other aspects of water quality were also improved, in large part due to
considerable improvements in waste treatment, which were also recommended because of the tremendous decrease in flushing time
that would occur with the breaking of the salt wedge.
This example involved only an overall reduction of mean river
input into the system, and no effort was made to control the
river input in synchronization with tidal flow. However, this
example does demonstrate that dramatic changes can be caused by
changes in stratification resulting from changes in river flow and
that these changes could be quantified and predicted, at least in
the example given.

WHAT PHYSICAL CONDITIONS WOULD BE NECESSARY TO DO THIS IN
THE CHESAPEAKE BAY AND DO THEY PRESENTLY EXIST?
In the Charleston Harbor situation there was a single major
river inflow into the Bay and it clearly was a primary factor
in controlling the extent of stratification. There was also
a dam at the head of tidewater which had the capability of
regulating the river discharge into the estuary. While it might
be possible to v]sualize other physical conditions with which
it might be possible to regulate river flow so as to alter stratification, is clear that these conditjons are suffucient.
In the Chesapeake Bay system, the major single river inflow is
the Susquehanna, which provides about 87 percent of the riverine
input to the Bay above the confluence of the Potomac and 50 percent of the entire riverine input to the entire Bay. Conowingo
Dam is about 9 miles above the head of tidewater and receives the
flow from over 90 percent of the Susquehanna drainage basin. The
pool behind Conowingo Dam is not sufficient for long-term storage
but the dams operated in the Basin by the Corps of Engineers do
have a total amount of storage sufficient to supply a rn1n1mum
flow of about 30,000 cfs over a several month period with proper
routing. Thus, the physical structure necessary to provide river
flow regulation does exist at the head of tidewater.
The question of whether or not the Susquehanna does have a sufficient impact on stratification of the majn stem of the Bay to allow effective regulation, particularly at low flows, must also be
addressed. To do this, the results of the main stem monitoring
program were examined in regard to the extent of stratification
of the main stern throughout the year and how well this correlated
with the annual cycle of river flow. Table I exhibits the ratios
of salinity in the Main Stem of the Bay for the full period of
reported data for the present monitoring program, i.e., June 1984
to July 1987, at approximate mile points closest to the routine
sampling stations. The geographical area covered is from Havre de

Table I
Sal j nity Ratios in the Main Stem of the Chesapeake Bay
(June 1984 - July 1987)
Date

MiJes from Havre de Grace
20

1984
June
.July
Aug
Sept
Oct

0.94

30

40

50

0.22
0.22
0.97
0.94

0.42
0.3G
0.33
O.G8*
0.82*
O.GG

0.3G
0.38
0.70*
0.82*
0.74*

Nov
Dec
1985
Jan
Feb
Mar
Apr
May
June
July
Aug
Sept
Oct
Nov
Dec
1980
Jan
Feb
Mar
Apr
May
June
July
Aug
Sept
Oct
Nov
Dec

0.41

GO

70

80

0.G3
0.4G
O.G3
0.81
0. 72

0.45
O.G2
0.74
O.G8

O.G5
0.49*
0.41*
0.71
0.78*
0.74*

90

100
0.78
0.57

0.38
0.71 0.84*
0.7G 0.G9
"",..
0.78* 0 .Ov

0.75* 0.79

0.83
0.40
0.20
0.53
O.GG
0.59

0.G2
0.52*
0.79
0.71*
0.52
0.70*
0.78
O.Gl*
0.70
0.07*
0.85* 0.82* 0.83*
0.00 0.80
0.79
0.09 0.03

0.85*
0.84
0.G7 0.GG 0.82 0.7G
0.54 0.G2* 0.Gl*O.G8*
0.G8 O.G7* 0.78*0.G5
0.07 0.70 0. 72 O.G8
O.G5 0.75 O.G8*0.75*
0.72* 0.70 0.G7*0.7G
0.82* 0.74 0.78 0.77
0.90 0.80 0.88 0.81
0.91
0.80
0.80
0.74*

0.42
0.G2
0.20
0.29
0.42*
0.52
O.G8
O.G9

0.71
0.92
0.75
O.G7* 0.70

0.47
0.24
0.25*
0.51
0.50*
0.08
0.GO*
0.88*
O.G7*

0.58*
0.45*
0.43*
0.52*
O.G7*
O.G7
0.G8
0.85
0.74*

0.09

0.58

0.G3

0.47

1987
Jan
Feb
0.77 0.74 0.81
Mar
0.08 0.70
Apr
0.45
0.24
May
0.08 0.09 O.OG
June
0.45 0.78* O.GO
July
- 0.02 0. 72
Data Source: Chesapeake Bay

0.84
0.51*
0.08 0.52 0.72
0.41 0.57 0.55*
O.G7 0.50*0.G8
O.Gl 0.70*0.07
0.GO 0.09 0.04
O.G8* 0.76*0.70
0.71 0.79*0.74
0.72 0.74 0.75*
0.8G
0.85
0.71

0.88

0.85

0.82*
0.74*
0.77*
0.70*
0.70*
0.71*
0.70
0.92
0.80

0.85
O.G8
0.82
0. 791
0. 78*
0.7G*

o.n:.
0. 991
0. 84

0.G8
0.70
0.57*
0.GO
0.7G
0.09
0.80
0.88
0.74

0.7'3
O.G9*
O.G3
O.G2*
0.89
O.G7*

0.80

0.81

Q • ~·n
I 0

0.80
0.?4

0.70

0.79
0.74
0.57
0.72
0.73
0.G3

0.82
0.79
0.78 O.G8 0.77
O.G4* 0.51*0.80
O.G2 0.70 O.GG*
O.G9* 0.79 0.69
0.71 0.04 0.78

Program monitoring data

0.79
O.G7
0.70
0.71
0.75
0.08

0.04
0. 72
0.05
0.73
0.78

Grace to the mouth of the Potomac, the reach of the Bay in
the Susquehanna accounts for nearly 90 percent of the river
entering the Bay. Data are presented on a monthly basis and
value represents only one, or at the most an average of two
ples.

which
flow
each
sam-

There are several striking features of the data presented in
Table I as far as the impact of the Susquehanna flow on stratification is concerned. First, the data show absolutely no evidence
of any type of seaonal overturn and redevelopment. There are
changes in the degree of stratification during a year, but these
do not appear to be related to any kind of seasonal regime, nor
to any obvious environmental scenario. Stratification in 1984 appears to be stronger than in either 1985 or 198G; however, there
is less than half a year of record in J984, so it is difficult to
make an equitable comparison. Second, the change of the degree of
stratification down the Bay from Havre de Grace does not appear
to to be very great for a specific year or season, which suggests
that whatever forces are causing the degree of stratification observed persist far down the Bay. Third, the degree of stratfication is extreme throughout the Bay and for much of the year. At
salinity ratios of around O.G, Charleston Harbor behaved as a
salt wedge estuary. However, the size and structure of the Chesapeake are different from Charleston, and it is not known whether
the use of salinity ratio as a surrogate for estuarine behavior
is valid. Fourth, the asterisks (*) by certain values in the
table indicate times and places where the Bay exhibited more than
one pycnocline. These are quite common in the data set, and suggest the existence of a consistent phenomenon responsible for the
condition.
Table II presents some data which may offer an insight into the
reasons for the existence of multiple pycnoclines in the Bay as
well as indicate a source of some of the organic material responsible for the depleted oxygen levels in the bottom layer of the
water column. This Table compares water column densities in the
Potomac near its mouth with those in the Bay itself above, at.and
below the confluence of the Potomac with the Bay. For ease in
reading the density values have been adjusted so that they appear
in the table as small numbers; however, what is significant are
their relative values,
and these are unchanged. The data
presented are for the entire year of 1985, and what is important
is to note the relative densities of the Potomac water and those
of the Bay at and close to the confluence.
Remember that water(e.g., Potomac water) tends to ride over other
water it meets of higher density(e.g. ,usually Bay bottom water)
and slide under water it meets of lesser density(e.g., usually
Bay surface water).
The data show that in nearly all cases the
surface water in the Potomac would tend to ride out over or mix
with the surface waters of the Bay, although on two occasions,
3/19/85 and 5/G/85 the relative densities were such that the
Potomac water would tend to slide under the surface water of the
Bay. If these conditions persisted for any length of time, a
significant amount of Potomac surface water could be introduced

Table II
Comparison of Waler Densities at the Mouth of the Potomac R]ver
with Those in the Main Stem of >ie Chesapeake Bay Above and
Below the Potomac Confluence*
Bay above Potomac
Potomac
Mouth
(LE2.3)
(CB5.2)

Date

1/14/85 u
M

2/11/85

Bay at
Confluence
(CB5.3)

Bay below
Potomac
(CB5.4}

1.278

1.254

1.320

L

1.45G

1.444

1.552

1.350
1.429
1.490

u

1.391

1.265

1.457

1.320

L

1.515

1.451

1.585

1.407

u

1.096

1.145

1.455

0.977
1.08G
1.204

1.00G

M
L

1.45G

1.308

M
3/4/85

3/19/85 u

1.171
1.288
1.435

1. 21G

1. 241

x
x

1. 411

1.451

x

1.155
1.44G
1.708

1.109
1.2GO
1.488

1.198
1.G2G
1.85G

x
x
x

0.909
1.119
1.392

0.95G
1.090
1.28G

0.95G
1.227
1.5G9

1.059
1.305
1.513

0.978
1.189
1.503

1.044
1.321
1. 511

1.053
1.389
1.513

1.092
1.449
1. G91

1.025
1.150
1.394

0.898
1.0G8
1.3G4

1.15G

M
L

1.450

1.244
1. 31G
1.502

u

0.979

0.9G7

L

1.504

1. 273

1.040
1.3G5
1. GlG

0.973
1.333
1.5Gl

6/17/85 u

1.007
1.175
1.434

0.882
1.042
1.260

1.054

1.082
1.248
1.434

M
L

4/8/85

u
M
L

4/22/85 u
M
L

5/G/85

u
M
L

5/20/85 u

G/3/85

M

M
L

1.402

Table II (Continued)
Bay above Potomac
Potomac
Mouth
(CB5.2)
(LE2.3)

Date
7/8/85

u

Bay at
Confluence
(CB5.3)

Bay below
Potomac
(CB5.4)

0.991
1.35G
1. Gll

0.991

1.034

1.054

1.284

1. 727

1.58G

0.97G
1.418
1.609

0.939
1.301

1.03(3
1.102
1.465

1.220

M
L

1.5GG

U

1.03G

1.034

1.112

1. 215

M
L

1.3G9

1.159

1.419

1.5G7

1.034
1.399
1.G05

1.012

1.099
1.25(3
1.559

1.105

1.003
1.240
1.429

0.879

1.003

1.487

0.82(3
l.07G
1.389

1.220
1.429
1.GG9

1. 211

l.2G7

M
L

1.300

1.7G7

10/7/85 u

1.347

1.287

1.320

1.38G

L

1 . GOO

1.340

1.G49

1.039

11/12/85U

1.422

0.852

1.733

1.4G4

1.044
1. 247
1.G27

x
x
x

M
L

7/22/85 u

8/G/85

8/19/85 u
M
L

9/9/85

u
M
L

9/23/85

u

1.193

1.284

1.432
x

x
x

M

M
L

*

Values in table are (Density x 1000) - 1000, which gives more
readable numbers.

U - upper layer
M - middle layer( - means there is no middle layer)
L - bottom layer
x - no data

into the bottom waters of the Bay where it would decay without
benefit of reaeration, thus causing possibly severe oxygen depletion.
For most of the year it appears that the surface layers
of the Potomac tend to end up in the surface waters of the Bay
but that a mid1ayer representing some kind of blending of Potomac
bottom water and Bay bottom water may very well form jn the Main
The small but significant differences between
Stem of the Bay.
the densities of the bottom and midlayers in the Bay suggest the
existence of such a mechanism.
This look at the salinity structure as shown by the monitoring
data suggests that there is· no obvious, direct relationship
between the Susquehanna River flow and stratification in the Bay.
A more detailed look at the salinities of the bottom layer
indicated that these did tend to vary consistently with river
discharge, but a quantitative relationship could not be established with the data available. Nevertheless, the wide range of
values of salinity ratios in no coherent pattern over a year suggests that the Bay responds quite rapidly to changes in river
discharge and that samples taken a minimum of two weeks apart are
not adequate to establish the nature of the response. More detailed measurements are needed to resolve this problem.

CAN THE PROPAGATION OF KINETIC ENERGY AND ITS DISSIPATION IN
THE BAY BE DEMONSTRATED?
The quantity of kinetic energy in a flowing body of water is a
function of its mass and the square of its velocity. In this
case there are two bodies of water involved, that associated with
the river discharge into the Bay and that associated with the
tidal flow. Since water behaves as an incompressible fluid, the
interaction
of the two bodies should be measurable as a
perturbation of the observed tide height by the river discharge.
The methods described by Wastler(Wastler 19G9) and used by
Wastler and Walter in the Charleston Harbor analysis allow the
estimation
of the energy present at the dominant periods
exhibited in each record at each sampling point. These methods
involve the calculation of cross-spectra from river discharge and
tide height records and the interpretation of the results in
terms of the physical parameter~ involved. The effect of the presence of some potential energy due to the slope of the estuary
from its head toward the sea is eliminated by using only
deviations from the mean tide height at each tide gage; the
potential energy of the water would, however, be small in
relation to the kinetic energy in any event.
For the present case records of hourly discharges from Conowingo
Dam were available for the first nine months of 1983. These were
run against hourly tide gage records for the same period at Havre
de Grace, Matapeake, and Solomons, affording a coverage from the
head of tidewater nearly to the mouth of the Potomac. A range of
river discharges based on daily means from 5000 cfs to 1G3,000
cfs were covered by these records, thus incorporating an excellent
range of flows from the Susguehanna. The river discharge records
had an extremely strong diurnal component typical of hydroelectric

dam operation. The analysis showed that the propagation of energy from the river discharge was extremely rapid and consistent at
all river clisacharges. This amounted to 44 hours to the Solomons
gage, or roughly two days from Havre de Grace to the mouth of the
Potomac. This is, of course, the speed of energy propagation, not
the time of water travel.
It should be noted that the rapidity
of energy propagation from the river flow could have some bearing
on the similarity of the degree of stratification down the Bay,
as shown in Table I. The diurnal component of river flow was
still present at Solomons with about 25 percent of the original
energy still present.
Long-period components of the river
discharge (i.e., those of periods greater than 7 days) were not
large in the river record, and these were not distinguishable in
the records at Solomons. This suggests that the long-period energy
of the river discharge is di,sipated in the upper part of the
Bay.
These results indicate that energy from the Susquehanna flow
makes its way at least halfway down the Bay in a quantifiable
form, that it tends to be distributed throughout the upper part
of the Bay in its presently uncontrolled regime, and that its
time of propagation is quite rapid. Thus it appears that there
is enough energy available to use if there is a means of
controlling it.

IS IT FEASIBLE TO DEVELOP A MATHEMATICAL DESCRIPTION OF THE
KINETIC ENERGY FLOW INTO THE BAY SUFFICIENTLY QUANTITATIVE TO
SERVE AS THE BASIS FOR REGULATING RIVER DISCHARGES INTO THE BAY?
Kinetic energy balance equations for estuarine flow and for river
discharges are standard.textbook exercises, but apparently no one
has ever put the two togather. As part of this investigation a
synthesis of the two was attempted, not to develop an exact solution, but to establish the nature of the equation and the parameters necessary for its solution. A harmonically varying river
discharge was introduced to determine its effect.
The results indicated that a mathematical description of
the process is feasible, but there are some problems. First,
there appear to be a large number of acceptable mathematical
solutions depending on a number of unknown quantities which can
only be measured in the field. That is, it would be necessary to
experimentally vary the discharge from Conowingo in a preset pattern and measure what happens. Second, with opposing harmonic
flow patterns, there is a real possibility of a feedback process
developing with the formation of a disastrously large standing
wave in the Bay. Again, this may be a mathematical artifact, and
field investigation may demonstrate that such is the case.
In short, yes, it is feasible to develop a quantitative mathematical description of what would be required, but it must be
based on accurate field studies in its development stage, and it
must be carefully and thoroughly evaluated in the field before it
is used in an operational mode.

SINCE SUCH A MANAGEMENT SCHEME WOULD INVOLVE REAL TIME CONTROL
OF RIVER FLOWS INTO THE BAY, WHAT INFORMATION ON CONDITIONS IN
THE BAY WOULD BE NEEDED AS A BASIS FOR USING SUCH AN APPROACH?

Before such a management scheme could be implemented, it would
be necessary to have a very clear understanding of what changes
in river discharge would do to the salinity structure of the Bay.
It would also be necessary to understand what salinity structure
was needed at specific points in the Bay to provide the suitable
degree of stratification to protect and enhance the habitat for
living resources and to maintain a predetermined level of water
quality. With these considerations in mind, it can then be
stated that high-frequency real time measurements of salinity are
the only water quality information really necessary.
However,
the only cost effective technique to obtain this type of
information presently available is automatic ~emote sensing
buoys.
The major cost of such devices is in the buoy itself and
in the data transmission system,
so it would be reasonable to
collect other useful information such as Temperature, Dissolved
Oxygen,
Turbidity,
pH,
and other parameters of interest to
management authorities and responsible investigators.
IS THIS APPROACH WORTH PURSUING FURTHER, AND, IF SO, WHAT MUST
BE DONE?

This paper has emphasized the unknowns and the problems involved
in developing and implementing a management approach based on
flow regulation for positive control of the aquatic environment.
These problems and unknowns are real in the context of this
management approach certainly;
but they are no less real in the
context of any other management strategy.
A major problem identified has been that of establishing a firm
relationship between river flow and stratification. Certainly it
is necessary to know this to differentiate between ''wet years"
and "dry years'' in any quantitative sense for any type of model.
Establishing such a relationship is a first and major step in any
further investigations, whether of this management approach or
any other approach toward water quality control.
For example, it would be impossible to develop a complex water
quality model of the Bay without accounting for the daily pattern
of flows out of Conowingo, the effect of such variations in flow
on water quality, the development of multiple stratification
layers in the Bay, and the occasional underflow of the Potomac
into these layers.
The development of any such model would go
far toward evaluating the feasibility of controlled river flow
regulation as a management tool.
This approach should be examined further, not as a unique and
separate entity, but as part of the total array of management
techniques that might be feasible.
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Application of a Multiple Linear System to Identify Tidal Signals
in the Upper Chesapeake Bay
Bernard B. Hsieh
Maryland Department of Natural Resources
Tawes State Office Building, B-3
Annapolis, Maryland 21401

'Ihe Upper Chesapeake Bay has a dynamic envirornnent of physical
characteristics due in part to incoming tidal fluctuations from the
Delaware Bay via the c & D canal, and the mouth of the Chesapeake Bay.
'Ihe tidal propagation signals from the two bay systems are a function
of most of the Upper Bay area because of the difference in distance
traveled from the IOOUth. '!he high volmne flow from the SUsquehanna
River might result in same water level change as well. Al though local
effects are also important factors, this study focuses on non-local
sources of impact.
In order to un::ierstand energy transport due to tidal forcing and
combined river runoff, it is useful to utilize a multiple transfer
function model which can be used to indicate the dominant forcing
factors and discern the tidal direction for specified areas. 'Ihree
in'portant frequency bands--semi-diurnal, diurnal, and 3-20 days, are
used to perfonn this investigation from hourly sea level readings.
'Ihe model's structure is defined by river flow and tidal signals
from both bays as inputs, and one Upper Bay location as an output.
INIROIXJCl'ICE

Studying tidal proi:>agation phenomena is probably the most revealing means of un::ierstanclin;J the dynamic behavior of water movement in
the Chesapeake Bay. '!he Upper Chesapeake Bay receives tidal fluctuation signals from the Delaware Bay through the c & D canal, and from
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the mouth of the Olesapeake Bay. Dronkers (1972) irrlicated that the
propagation of a tide is modified by its degree of penetration into
the continental shelves, coastal areas, and estuaries. 'Ihe distortion
of the tidal wave takes place at this point. 'Ihis change is prilnarily
caused by : the friction of the bottom, changes in tidal velocity due
to variation in depth, and the shape of the estuary. Tidal prediction
is primarily employed at harbors situated at coasts where tidal records include various impacts resulting from meteorological effects.
Tidal prediction is difficult due to variation in the amount of river
runoff and additional disturbances which may change the water level
considerably. Abnonnal weather changes such as tsunami may generate
high tidal waves or intensive rainfall, which result in great amounts
of river runoff. 'Ihis directly affects the properties along the
coast. Rather than focusing on single-point tidal prediction, this
study uses non-local effects such as tidal signals from the two bay
systems and the Susquehanna River flow, as the basic mechanisms for
detennining the sea-level change for several selected locations
Reedy Point, which is located at the east end of the C & D canal, is
an interesting area for researchers because of the possibility of
recording any signals from the Olesapeake Bay which are transported
there. Havre de Grace, near the mouth of the SUsquehanna River, and
the Baltimore Hart>or, the most important commercial port in the Bay,
are included in this study as well. '!Wo significant questions are
addressed in this investigation : (i) Which bay contributes more
tidal signals to the Upper Bay area ? (ii) Do any river runoff
signals travel from the Susquehanna solely to the Olesapeake Bay ?
'Ihis approach is characteristic of multiple inputs/single output
systems. 'Ihe multiple transfer function modeling technique, which is
based on the frequency domain process, produces multiple frequency
response functions. 'lhese functions use a Fourier transfonnation
which drives this system from time-domain to frequency-domain, and
simultaneously estimates their partial response factor and calculates
the multiple coherence. A recent study (Hsieh 1985), showed that the
partial multiple coherence is a powerful technique to use for separating the relative magnitude of each factor. 'lb.is technique, due to
linear relationships in the system, represents only a fraction of
output power at any given frequency. 'Ihe difficulties in computing
the inverses of complex matrices when a multiple linear system is
applied, are successfully solved by the Gaussian elimination method
and the partitionin:J approach.

Data containing hoorly absel:vations of sea-level elevation for 1983
were obtained fran five stations of the National Ocean Service. Each
time series, containing 8,760 records, was linearly detrended prior to
cyclical analysis. Every tidal record irrlicates a very weak linear
trend. 'Ihe anplitude and };i1ase angle can be computed for any desired
period by conducting ha.nronic analysis. However, this technique fails
to show the ill'lportance of phenanena for which the period does not exactly coincide with a specified ha.nronic. One method to reduce this
disadvantage is to use very smtll frequency barrls in the analysis.
Budgell (1981) stated that the main ha.nronic component in the tide
will tend to be semi-diurnal due to the two bulges created by tidal

411

forces. 'Ihe main lunar and solar semi-diurnal constituents that
correspond with this phenomena are the tidal conp::>nents M2 and S2.
When the tide enters the area over a continental shelf and penetrates
into an estuary, its propagation is effected by the reduced depth. In
mathematical tenninology, this means that non-linear tenns in the
hydrodynamic equation will produce new hanronics which are a combination of the two original frequencies. 'Ihis study will examine the
tidal constituents for four categories: (1) semi-diurnal components,
(2) diurnal components, (3) shallow water corrponents, and (4) 3-20
days components. '!his method of classification covers the tidal
period from two hours (Ml.2) to about 350 hours (Msf).
An investigation was made by reiooving M2 tides from each tidal
record. A subtidal fluctuation typical of Reedy Point, Delaware, is
shown in Figure 1. 'Ihe rest of the stations reveal less subt.idal
fluctuations (Hsieh 1985). One useful technique in evaluating the
fluctuation of the tide is by using a low pass filter to show its
longer tenn variations. 'Ihe longer tenn fluctuations for five tidal
stations are shown in Figure 2. 'Ihe water level at Havre de Grace is
the highest while the lowest is found at Reedy Point. 'Ihe tren:i component for each station is small enough to disregard. 'Ihe freshwater
inflow at Conowingo Dam accounts for approximately 50 percent of the
total input of freshwater entering the Bay, with rrore than 8!:S percent
of the freshwater entering the Bay arove the mouth of the Potomac
(Schubel 1972). In 1983, the hourly range was between 200 cfs and
90,000 cfs. Figure 2 suggests a strong seasonality in freshwater
inflow and approximates an eight-rronths cycle.
To detenni.ne the basic stnicture of each of the tidal records,
hannonic analysis of the arove-mentioned. categories is used. None of
the significant components for shallow water constituents are~ found in
the frequency band between a 2-hour and 6-hour period. Significant
tidal components for semi-diurnal and diurnal periods are shown in
Table 1. 'Ihe M2 tide accounted for rrore than 75 percent of total
variance at Reedy Point, but only about 20 percent of the tot.al variance at the Baltimore station. A low percentage for the M2 tide was
also found at Havre de Grace. 'Ihe low percentage and small CllTlplitude
of the M2 tide could be attributed to its loss of tidal wave energy
from the Chesapeake Bay entrance, due to the long distance traveled
and the corrplex geanetry of the Bay. 'Iherefore, the local effects and
low variation of the tide in the Bay's inner area are inlportant
factors to consider. However, the 60 percent of total variance at
Balti.more results from longer than two days fluctuations. 'Ihe
periodgrarn reveals that most of the Baltimore signals have irregular
variability. 'Ihe station at Havre de Grace might receive some tidal
signals from the Delaware Bay due to the effect of standing waves at
the end of the estuary. 'Ihe 52 component is generally rrore significant than the N2 conp:>nent, but this phenomenon does not apply to
these Upper Bay stations. In inner Bay stations such as Havre~ de Grace
and Baltimore, the S2 canponent is even less than the Kl and 01
components.

In

order to detenni.ne the i.npulse response functions from the x(t)

and y(t) data in the frequency domain, it is :necessary to transfonn
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Reedy Pt.

Havre

De

Grace

Lewes

Hanpton Road

Baltill'Ore

Arrp.

Total
Var.(%)

Arrp.

Total
Var.(%)

Arrp.

Total
Var.(%)

Arrp.

Total
Var.(%)

Jurp.

Total
Var.(%)

M2
N2
lJ2

11.97
12.00
12.19
12.42
12.66
12.87

0.17
0.32
0.20
2.48
0.50
0.09

0.37
1.36
0.53
79.15
3.18
0.11

0.06
0.14
0.06
0.85
0.18
0.04

0.18
0.98
0.19
35.44
1.57
0.07

0.16
0.34
0.05
1.95
0.48
0.04

0.51
2.36
0.06
75.12
4.51
0.03

0.09
0.20
0.05
1.17
0.29
0.03

0.40
1.86
0.11
61.97
3.87
0.05

0.04
0.07
0.02
0.49
0.12
0.01

0.13
0.41
0.03
17.82
1.08
0.01

Kl
Pl
01
Ql

23.93
24.07
25.82
26.87

0.29
0.08
0.22
0.03

1.05
0.09
0.65
0.01

0.28
0.07
0.19
0.03

3.96
0.22
1.83
0.06

0.34
0.11
0.28
0.05

2.22
0.22
1.51
0.06

0.17
0.05
0.14
0.03

1.33
0.14
0.92
0.05

0.23
0.07
0.18
0.03.

3.86
0.37
2.53
0.11

Period
K2
S2
L2

~
.._

""'

Table I. Significant tidal components of the Upper Chesapeake
Bay for selected stations.

the input and output functions from time-domain into frequency-domain.
'!he initial solution is obtained by using formulas 1-12 (Huthman 1978;
Enochson 1968).
Co

Y(t) =

f h(t')X(t -'t)

dt+ e(t)

(1)

disregarding e(t) we obtain :
X(f)

=f"" x(t)

e -j2Jtft dt

(2)

Y(f) =sy(t) e -j2Jtft dt

(3)

-oo

and :

-cfJ>

H(f) =jh(t) e -j21tft dt

(4)

•cP

the Fourier transfonn H(f) of the impulse response function h(t) is
called the frequency response function, which is
H(f) = Y(f)/X(f)

(5)

A model of a linear system responding to multiple inputs is developed
by expanding the above relationship. (Figure 3)

N

Y(f) = .E

1:1

Yl(f) =

N

~
1:1

Hly(f)Xl(f)

(6)

'Ibis relationship can be expressed more concisely in matrix notation.
Refine a N-Dimensional frequency response function vector to obtain
H(f) = (Hly{f), H2y{f) ••••• HNy(f)) T

(7)

Next, define a N-dimensional cross-spectnnn vector of the output y(t)
with the input X(t) :
Gxy(f) = (Gly(f),Gzy(f), •••• ,GNy(f)) T

(8)

Finally, define the N x N matrix of the power and cross spectra of
all the inputs X(t) by :
Gll {f) G12 (f) •• GlN (f ))
Gxx(f) = G21(f) •
••
•
( GNl(f) GN2(f) •• GNN(f)

.

.

.. .

(9)

Use the system of linear equations to obtain the least squares
solution for equation (6), which provides the matrix equation
Gxy(f) = Gxx(f) .H(f)
'Ihe final solution to this calculation is
(11)
'Ihe linear relationship of the multiple system can be expressed as
the multiple coherence function estimates for the discrete frequencies by the equation :
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Kyx2 (f) = (Hl(f) *Gyl (f) + ••• +HN(f) *GyN(f' /Gyy(f)

(12)

Gyx(f) = (Gyl(f), ••• ,GyN(f)) T
Gyy ( f) = output power spectrum

where

In order to separate the relative importance for each input on output for a particular frequency band, use equation (12) to obtain
the partial multiple coherence.

Kyx2 (f) = HGly + ••• + HGNy

(13)

where

HG1y = Hl(f) *Gyl(f)/Gyy(f)

define :

'IGH

= HGly2 + ••• +

HGNy2

(14)

to attain the partial multiple coherence for input 1
Kyxl(f) = HGly2 *Kyx2(f)/IHG

(15)

TIDAL SIGW:..S K>IEL

'!he multiple transfer function m:::x:iel, based on a frequency domain,
can be applied to the tidal signals m:::x:iel. '!his m:::x:iel assumes that
sea-level changes at selected Upper Bay locations are multiple functions of tidal propagation fram I.ewes, Delaware, Hanpton Road, Va. ,
and runoff frcm the Susquehanna River. '!his linear system is solved
by using the Gaussian elimination nethod and the partitionirg technique to compute the inverse of matrix G}OC ( f) • Since the crossspectrum consists of a real part and an imaginary part, the condition
number of matrix Gxx(f) is an important factor in detennining whether
or not the solution is accurate.
'Ihe Reedy Point station is selected as an exanple for demonstrating
this approach. 'Ihe multiple response function is obtained by using
detrended tidal records and non-seasonal Susquehanna River flow.
Detrended tidal records are used instead of subtidal height fluctuations because the greatest variation of tide is derived from the semidiurnal and diumal carponents. '!he final partial multiple coherence
is able to dernonstrate the danina.nt signal for each particular frequency band. '!he frequency band which accounts for larger variance
is more significant than the others. For exanq:>le, if the partial
multiple coherence of M2 tide for the Delaware signal at Reedy Point
has a greater variance, then the Delaware Bay contributes larger M2
fluctuations to the Upper Bay. Huthmann (1978) irrlicates that the
multiple coherence function will be unity over the entire frequency
range under ideal, noise-free conditions in which there is a true
linear relationship in the multiple input/single output system. 'Ihe
multiple coherence function is less than unity in a natural system.
In this study, two data files are constructed. One file combines the
hourly tidal height with the subflow data by taking the log function
and reiooving the 8-m:>nth significant cyclic corrponent. 'Ihe second
file is constructed by daily means from the first data file. 'Ihe
multiple coherence over semi-diurnal carponents at Reedy Point is
close to unity (Figure 4). Since the noises occur in part of the
frequency range, the SIOOOthing cw:ve is obtainErl by using a
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0.50

30-frequency bani IOOVing averagP. method (for a total of 200 frequency
bands). '!he partial multiple cah.erence in Figures 5a-5c separates the
signals from the Delaware Bay, Chesapeake Bay and SUsqueharu"la River
flows. The SUsquehanna River signal is very weak compared to the
other two signals. '!he irost significant peak in Figure 5a indicates
that the N2 tide (12.66 hr) from the Chesapeake Bay is more significant than the Delaware signals. The frequency bani is so close that
certain peaks are smoothed by insignificant neighboring frequency
bands. Therefore, the wider frequency range of the dominating source
is selected (Figure 5b). For diurnal corrp:ments, the Reedy Point
sea-level is mainly dominated by the Delaware Bay signal except for
fluctuations arourrl 27.5 hours, which are provided by the SUsquehanna
River signal. For the daily mean set (Figure Sc), the Delaware signal
is the major source, but two frequency bands (3 days and 2.4 days) are
shared with the Chesapeake Bay signals.
DISCIJSSICti

'Ihe Havre de Grace and Baltimore Harbor stations receive the same
inputs. Data from these stations can therefore be used to compare the
variation of signals at different frequency bands due to the change in
location. Several important firrlin;,Js are stmm1arized below.
SEmi-Diurnal 0 "la:lelrt:s

(i) Baltimore Hat:bor receives even higher tidal signals from the
Delaware Bay than does Havre de Grace. The Baltimore Hat:bor area also
has stronger K2 & M2 tidal components than the Reedy Point station.
(ii) Each station has its own higher constituents from the Chesapeake Bay signals : Reedy Point has a higher M2, Baltimore receives a
stronger M2, and Havre de Grace contains a higher L2 tidal corrg;:x:ment.
Dim:nal carp:nents

( i) '!he Baltimore Harbor area and the Havre de Grace station show
similarity i_r, their patterns resulting from the Delaware Bay signals.
Reedy Point .;..s the highest over the entire frequency range, but the
Baltimore station has a stronger Kl tide.
(ii) 'Ihe Chesapeake Bay contributes very few diurnal components to
Reedy Point. Baltimore receives stronger signals except at the Pl
tidal frequency bani.
(iii) Havre de Grace receives stronger signals at 27. 78 hours from
the SUsquehanna River flow.

Drily Mean o ••1aeit
(i) Baltimore and Havre de Grace receive similar tidal components
from the Delaware Bay signal propagation. Peaks are foun:i at 2. 5
days I 4 • 5 days I and 3 weeks•
(ii) Again, the Chesapeake Bay contributes the same slow variation
between Baltimore and Havre de Grace, but carries only a 3.5-day
signal to the Reedy Point station.
(iii) 'Ihe SUsquehanna River flow contributes about 3-day fluctua-
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tions both at Baltilrore an:l Havre de Grace, but no significant signals
are fourrl at Reedy Point.
It would be interestin;J to Jena.I if significant tidal components
would resporrl to these factors more precisely if the frequency band
was specified. '!he partial multiple coherence for three desired
categories is shOINll in Table 2. 'Ihese values provide a relative index
to determine which signals contribute to a major tidal component.
'!he SUSqUehanna River responses appear to be a minor factor for every
irrportant tidal component except for the 29-day period. '!his
phenomenon is also valid for Havre de Grace an:l Baltimore. A very
significant firrling is that the Delaware Bay signals have the
greatest percentage of slow variations (Table 2) • 'lhe Delaware Bay
signals also show their significance in the Ql an:l Kl components arrl
the Olesapeake signals dominate L2 tidal constituents. '!he partial
multiple coherence an:l amplitude (total variance) are two major
factors used to calculate the anount of variation attributable to
irxlividual signals.

'!he partial multiple coherence technique, generated by taking
fractions of multiple coherence, is a very powerful tool to use in
describing the multiple linear system of tidal propagation signals
from the two bay systems. '!he SUsquehanna River flow plays a minor
role in this case, except at 29-day period fluctuations. '!he Delaware
Bay signals daninate the slow variation of tidal behavior. '!he Baltim::>re Harbor an:l Havre de Grace areas show the same pattern signals
over slow tidal fluctuations. For diurnal components, the Delaware
Bay signals are the controllers of the Kl an:l Ql components. '!he 02
tidal signals from the Delaware Bay are not f oun:l in the O"lesapeake
Bay. '!he O"lesapeake Bay transports a large m.nnber of semi-diurnal
signals to the Delaware Bay. However, the Havre de Grace an:l
Baltbrore Harbor stations detected several significant tidal signals
from the Delaware Bay. '!his phenomenon suggests that both bays
distribute their own signals for high frequency tidal transport.
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Reedy
period

De Grace

Sus.
0.000
0.003
0.011
0.005
0.003
0.026

Del.

Che.

Sus.

Del.

Che.

Sus.

0.678
0.294
0.339
0.314
0.515
0.215

0.316
0.698
0.620
0.683
0.478
0.646

0.000
0.007
0.001
0.000
0.000
0.009

0.374
0.591
0.255
0.744
0.294
0.863

0.258
0.409
0. 719
0.256
0.704
0.087

0.056
0.000
0.007
0.000
0.000
0.002

Baltimore

K2
S2
L2
M2
N2
JJ2

11.97
12.00
12.19
12.42
12.66
12.87

0.181
0.200
0.364
0.757
0.274
0.059

Kl
Pl

23.93
24.07
25.82
26.87

0.849
0.903
0.944
0.878

0.149
0.059
0.054
0.013

0.001
0.014
0.001
0.018

0.718
0.086
0.234
0.854

0.279
0.870
0. 746
0.053

0.001
0.025
0.018
0.037

0.961
0.751
0.186
0.860

0.082
0.210
0.799
0.098

0.002
0.017
0.012
0.002

6
9
13
18
21
25
29
48

days
days
days
days
days
days
days
days

0.661
0.346
0.693
0.811
0.865
0.456
0.139
0.650

0.090
0.542
0.263
0.166
0.051
0.200
0.324
0.175

0.103
0.003
0.008
0.005
0.016
0.210
0.521
0.030

0.421
0.260
0.653
0.693
0.751
0.662
0.164
0.598

0.192
0.492
0.293
0.261
0.124
0.151
0.145
0.116

0.096
0.000
0.018
0.006
0.033
0.053
0.665
0.007

0.432
0.300
0.652
o. 701
0.787
0.707
0.211
0.502

0.224
0.445
0.283
0.260
0.085
0.083
0.172
0.234

0.102
0.002
0.014
0.001
0.022
0.054
0.58.J
0.057

**

Del. = Delaware Bay Signals

01

Ql

~

Havre

Point

Che.
0.817
0.796
0.622
0.242
0.724
0.812

Del.

Ole. = Chesapeake Bay Signals

Sus. = Susquehanna River Signals

Table 2. Partial multiple coherence for major tidal components.
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Time Variations of Bottom-Water Inflow at the Mouth of an Estuary
Glenn A. Cannon
National Oceanic and Atmospheric Administration
Pacific Marine Environmental Laboratory
7600 Sand Point Way NE
Seattle, Washington 98115

ABSTRACT
Puget Sound is a fjord-like estuary, but its 30-km long entrance sill, Admiralty Inlet, has
characteristics very similar to coastal plain estuaries. The replacement of bottom water in
Puget Sound has been studied for many years, because it is a dominant process responsible for flushing some contaminants. Previous studies showed bottom-water inflow
increased during neap tides when mixing was minimal over the entrance sill. Recent
observations show the increased inflow starts before minimum neap tides, and simple
model calculations with these data demonstrate this is an effect of variations in the
horizontal density gradient at the mouth of the estuary caused by salinity variations
outside the mouth. This time-dependent process may be responsible for changing inflow
characteristics at time scales between wind effects and seasonal effects, and it may be
important in other estuaries such as Chesapeake Bay.

INTRODUCTION
Puget Sound is the southernmost glacial carved estuary in western North America and is
surrounded by major urban centers. The entrance sill to this estuary is topographically
complex (Figure 1) and plays a major role in regulating the replacement of water inside
the estuary below the sill. This process is important for removal of some contaminants.
Salinity (density) at sill depth outside the estuary is always greater than inside at or below
the sill, but water from outside does not flow continuously into the deeper water. Over
the sill, the flow is two layered, and salinity is horizontally stratified, closely resembling
coastal plain estuaries. Previous studies showed bottom-water inflow events during neap
tides when mixing is least over the entrance sill (Geyer and Cannon 1982). Other studies,
however, had implied that inflow also might occur on very large spring tides when the
tidal excursion could transit the sill on a single flood tide. This paper describes new
observations to resolve this discrepancy and to determine whether the onset of the
intrusions could be predicted. Other recent observations have shown this circulation
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Figure 1. Topography of the Admiralty Inlet entrance sill connecting Puget Sound with
the Strait of Juan de Fuca showing locations of moored instruments outside and inside the
sill. Inset shows track across the sill connecting the moorings.
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process is exceeded only by wind effects in the amount of non-tidal energy
(Bretschneider et al. 1985).

OBSERVATIONS
Currents and salinity of the deep water just inside the entrance sill both show pronounced
increases at about fortnightly intervals which is the dominant characteristic of inflow of
new bottom water (Figure 2). The onset of these intrusions occurred in all cases before
minimum neap tidal currents, and the maximum salinity occurred at about this minimum.
Inflow during the largest intrusions is sufficiently large that the tidal currents do not
reverse at the bottom. Spring tides all occurred during decreasing salinity in the basin.
Thus, it appears clear that major inflows occur only during neap tides, but the onset
occurs before the minimum neaps. Outside the sill, salinity variations are larger than
inside the estuary, and they are not in phase.
Because of the relatively large variation in outside salinity and because the increase in
inside salinity occurred before neap tides, it was felt that variations in the pressure
gradient across the sill might play a role in the onset of the intrusions. Figure 2 shows a
comparison between conditions outside at sill depth and inside near bottom. Flow inside
the sill greater than 10 cm/sec shows the increase associated with increasing salinity.
Large salinity differences between inside and outside were coincident with intrusions of
new bottom water. A quasi steady-state balance between the pressure gradient and
vertical mixing predicts currents about the same as observed. A change in salinity of 1.4
parts per thousand is about what is required to initiate intrusions.
Given that the density difference across the sill accounts for the onset of bottom-water
intrusions, the cause of the seaward salinity variations needs to be explained. They may
be partly a result of offshore winds affecting the flow in the Strait of Juan de Fuca and
partly a result of mixing over a deeper sill in the Strait. Earlier work showed that coastal
storm winds drive surface water onshore at the mouth of the Strait. This reverses the
surface pressure gradient in the Strait causing inflow at the surface (Holbrook and Halpern 1982) and sometimes reversing the bottom flow and/or suppressing the inflow of
saltier water (Cannon and Bretschneider 1986). The present study is the furthest into the
Strait that the coastal wind effects have been seen both in the surface and bottom layers,
and it appears they have an effect on salinity variations which regulate intrusions of
bottom water from the Strait of Juan de Fuca into Puget Sound. The details of this work
are described in Cannon et al. (1988).

DISCUSSION
Bottom-water intrusions are one of the major circulation features of Puget Sound, and
they play a major role in flushing some cqntaminants. New observations show the onset
of the intrusions occurs before minimum neap tides, and simple model calculations
demonstrate the importance of the density gradient across the sill caused by salinity
variations outside the sill. These variations may be further complicated because the
entrance sill is not at the coast, and connects Puget Sound to the Pacific Ocean through
another estuary, the Strait of Juan de Fuca. Wind events on the Pacific coast may be
capable of causing significant salinity changes more than 135 km from the coast.
However, the spring-neap cycle effect on mixing over the sill shown by Geyer and
Cannon (1982) still must play the major role. Although Puget Sound primarily is a fjord,
the entrance sill resembles a coastal plain estuary, and the process described here may be
important for variations in the magnitude of inflow in the bottom layer of a coastal plain
estuary. Because this is a time-dependent process, these results are presently being used
in guiding the development of a time-dependent laterally averaged model of the Puget
Sound estuary which includes this process as well as others.
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Figure 2. Observed salinity and currents at the entrance to Puget Sound showing the
relationship between the salinity (density) difference across the sill and the onset of
inflow of new bottom water into the estuary (vertical line at Feb. 6 shows example):
a)
b)
c)
d)
e)

salinity inside at the bottom starts increasing;
salinity with tidal signal removed ouside at sill depth (upper) starts increasing
before inside at the bottom (lower);
flow inside at the bottom increases inward, shaded greater than 10 cm/sec inward
(plus is seaward);
salinity difference across the sill has increased, shaded greater than 1.4 parts per
thousand (ppt);
tidal flow shows inflow during neap (smaller) currents.
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Dynamics of Organic Pollutants in Blue Crabs, Callinectes sapidus,
Collected from the Lower Chesapeake Bay Region
Robert C. Hale
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.'

The blue crab, Callinectes sapidus, is an abundant and widely
distributed species in the Chesapeake Bay. It also supports a valuable
fishery. Little information concerning concentrations of toxic organic
compounds in crustaceans of the southern Chesapeake Bay is currently
available. As a consequence, a study to determine the tissue burdens
and behavior of lipophilic polycylic aromatic compounds (PACs) in these
organisms was undertaken. Identification of compounds was by capillary
gas chromatography/mass spectrometry. Quantitation was accomplished by
flame ionization detection, using l,l'-binaphthyl as an internal
standard. Highest concentrations of PACs were detected in
hepatopancreas, followed by ovarian and muscle tissues. Extractable
lipid levels in the tissues were positively correlated with organic
xenobiotic concentrations. The major contaminants detected in blue
crabs sampled from the southern bay were alkylated PACs, as opposed to
unsubstituted polynuclear aromatic hydrocarbons which have been
reported to predominate in molluscs and sediments of the bay. This
dichotomy may be due to differences in contaminant bioavailability or
in the relative abilities of the organisms to eliminate xenobiotics.
Crabs from both heavily industrialized and hypothetically "clean"
areas, showed evidence of exposure. Chromatographically unre1Jolved
complexes were observed in 39i. of the hepatopancreas samples. Adult
female crabs generally contained higher concentrations of lipc,philic
pollutants than other intermolt groups.
Evidence that ecdysis in crustaceans may affect the dispositic)n of PACs
was observed in laboratory experiments. Crabs were exposed to
radiolabeled benzo(a)pyrene (BaP) for 36 h and allowed to depurate for
252 h. Newly molted and adult intermolt female crabs retained greater
concentrations of radiolabeled material in hepatopancreas than adult
intermolt males or juvenile intermolt females. A variety of oxidized
biotransformation products were detected in the hepatopancreas of the
crabs by high performance liquid chromatography.
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Bioassay for Phytotoxicity of Toxicants to Sago Pondweed
W. James Fleming and Jeffrey J. Momot
U.S. Fish and Wildlife Service
Patuxent Wildlife Research Center
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101 College Parkway
Arnold, Maryland 21012

INTRODUCTION
Submerged aquatic vegetation (SAV) occupies an important niche
in many aquatic systems, including freshwater lakes, estuaries, and
marine coastal waters. As primary producers, SAV captures much of
the energy that enters the system, making it available to support a
complex biological community. SAV provides food and habitat to
numerous organisms common to shallow water ecosystems and maintains
homeostasis in the system by buffering changes in water quality
through the removal of nutrients, toxics, and particulates. The
effects of the loss of SAV from an estuary can have a dramatic
effect on life in the estuary, as evidenced by changes that have
occurred in the Chesapeake Bay.
The decline of SAV in the Chesapeake Bay during the previous 2
decades has been substantial and well documented (Orth and Moore
1983; 1984). This decline was widespread, affecting all portions of
the Bay and all SAV species (Munro and Perry 1982; Orth and Moore
1984).
Synthesis documents prepared for the U.S. Environmental
Protection Agency (Kemp et al. 1982; Wetzel et al. 1982) cited water
quality problems as the most likely causes of the decline. Two
general mechanisms through which water quality stresses SAV were
identified. These were phytotoxicity and a reduction of light
energy due largely to heavy phytoplankton blooms in response to
nutrient enrichment. The reduction of light energy was considered to
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be the most important factor, however the effects of contaminants,
alone or in combination with other stressors, are poorly
understood.
To better understand the role of contaminants on SAV
populations, three types of information are particularly useful:
measurements of the types and concentrations of contaminants that
enter the estuary; knowledge of the environmental conditions
necessary for the survival of SAV; and identification of the
concentrations of contaminants which negatively impact growth of SAV
either directly or in combination with other environmental
perturbations.
Analytical chemistry determinations have provided excellent
data on the quantity of specific toxic compounds found in the
Chesapeake Bay. However, such determinations are costly for routine
water quality testing and have limited value for the development of
water quality standards. Bioassays are more useful indicators of
the presence of toxic substances and provide a more direct link with
the resource to be protected than analytical chemistry data. The
biological interpretation of such chemical data is often limited by
a lack of knowledge of effect levels. Bioassays can be used in the
laboratory to establish toxicity levels for specific contaminants or
to detect adverse effects on biota of complex effluents entering the
bay. The use of bioassays in conjunction with analytical
determinations can be a powerful tool for providing the information
necessary for legislative restrictions to improve and or maintain
the quality of aquatic resources.
Optimal value of a bioassay is obtained when the culture system
is well defined, has predictable variability, and is capable of
supporting the test organism through all stages of its life cycle.
The establishment of a bioassay system for submerged aquatic
angiosperms is difficult because of the complexity of their life
cycles and the paucity of specific information on the factors
regulating reproductive growth. Microcosms have been used for
conducting toxicity tests on SAV, but their usefulness is limited
because of difficulties in maintaining cultures for long periods of
time in a balanced system (Correll and Wu 1982). To avoid these
problems, attempts have been made to to establish axenic cultures of
submerged angiosperms. Growth in the axenic systems often has been
poor or the cultures were not truly axenic (Thursby 1984; Durako and
Moffler 1987).
Our laboratory has established axenic cultures of sago pondweed
(Potamogeton pectinatus) collected from several locations around the
Bay Stem, the Potomac River, and tidal impoundments. Sago pondweed
is a perennial, narrow-leafed, submerged aquatic macrophyte found in
It is
temperate climates throughout the world (Fernald 1932).
tolerant to mildly alkaline waters and to a wide range of salinities
(between zero and about 10 ppt Yeo, 1965). Stewart (1962) reported
that sago pondweed was common and abundant in fresh water and
brackish portions of the Chesapeake Bay. Martin and Uhler (1939}
stated that sago pondweed is one of the more important waterfowl
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food plants in North America. It has a palatable rootstock, turions
(tubers), leaves, stems, and seeds. Stewart (1962) and Munro and
Perry (1982) reported substantial use of sago pondweed by several
waterfowl species through 1959. More recently, it only rarely is
found as a food item of waterfowl from the Chesapeake Bay (Munro and
Perry 1982; Perry and Uhler In press). The decline of sago pondweed
as an important waterfowl food in the Chesapeake Bay is probably
related to the overall decline of this and other species of SAV in
the Bay.
In our axenic cultures, sago pondweed grows rapidly on a
defined medium and exhibits normal vegetative growth. Turions are
occasionally formed in cultures placed under various environmental
stresses including light deprivation and nutrient depletion. When
plants are removed from the culture system they can be easily
established in a variety of soils. These plants, after additional
growth under long day conditions, have produced both flowers and
turions. The system thus provides a convenient source of large
numbers of axenic plants which are morphologically similar to plants
collected from the field or grown from naturally occurring
propagative structures.
While our current culture system holds many advantages, two
limitations are noteworthy. First plant size is limited by the
culture vessel and attainment of plants large enough to readily
produce flowers may require substantial culture modification.
Second and most significant, our axenic system is not capable of
supporting plants through autotrophic growth. This limitation is a
result of an undefined, limiting, environmental factor and not a
genetic abnormality; this is confirmed by the plant's high
photosynthetic activity when placed on bicarbonate enriched media,
and rapid growth when transferred to soils.
Pending modifications
of the culture system to accommodate autotrophic growth, use of
axenic cultures for bioassays requires a two tier bioassay to
evaluate the effects of photosynthetic inhibitors in chronic
toxicity tests. This paper reports on limited tests with plants
produced or tested in axenic cultures.
EXPERIMENTS WITH ATRAZINE
In order to validate the use of axenic cultures in bioassays,
we conducted a series of tests to determine how closely toxicity
data derived from plants grown in axenic cultures corresponded to
results from plants grown in normal, non-sterile microcosms. Our
initial work was with the herbicide atrazine, we selected atrazine
because of the large data base on its effects on SAV, compared to
what is known of the phytotoxic effects of other herbicides or
toxicants.
First, we examined the effects of atrazine on photosynthesis.
After a preliminary rangefinding study, we selected geometrically
arranged concentrations of atrazine to bracket a level that we
expected to inhibit net photosynthesis by 50% {ICSO). Plants
produced in axenic culture were removed from their culture vessel
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and placed in clean, non-sterile 300 ml biological oxygen demand
(BOD) bottles containing atrazine plus distilled water purged to
about 3 µg/l oxygen by bubbling with nitrogen; 2.5 g of sodium
bicarbonate was added to each liter of test solution to provide an
inorganic carbon source 0 for photosynthesis. BOD bottles were
incubated for 5 h in a 21 C waterbath under daylight s~ectrum
fluorescent lights (Vitalite®) producing about 130 µEin/m 2/s
at the neck of the BOD bottles. Net photosynthetic activity was
determined by measuring oxygen produced. Oxygen was determined with
an Orion oxygen electrode following the manufacturer's directions.
Photosynthesis in control plants resulted in an average of 3.5 ±
0.64 mg of oxygen produced per g dry weight per hour. Our estimate
of the IC50 for atrazine was 29 µg/l (95% CI= 20-40 µg/l; Figure
1). Atrazine's IC50s for photosynthesis in aquatic plants has
previously been reported to range from 55 to 117 µg/l (Jones and
Winchell 1984; Jones et al. 1985; Kemp et al. 1985) which is similar
to our finding, given the differences in testing protocols. Correll
and Wu (1982) reported that photosynthesis of sago pondweed was
stimulated at 75 µg/l, with respiration exceeding photosynthesis in
plants exposed to atrazine at 650 µg/l; why their results differed
substantially from ours and those of others is not known.
In the second test, we compared the responses of vegetative
plugs of sago pondweed originating from our axenic stock to that of
plants growing from tubers collected from the wild, when both were
exposed to atrazine at 0, 100, and 1000 µg/l under non-axenic
conditions. Using a split plot design, we had five replicates of
each treatment level. A replicate consisted of three plant plugs
and three tubers placed in a 19 l bucket. Each bucket contained a
sand, peat, shell substrate and 14 l of the atrazine-water
solution. Weights of plants and tubers were recorded pretreatment
and again after 32 days, at which time the experiment was
terminated. Water was added to each bucket to compensate for
evaporation. Buckets were kept under daylig2t ~pectrum fluorescent
lights 24h per d5y (about 75 µEin/m /s ) at ambient room
temperatures (about 22 C). Data were analyzed by analysis of
variance and Tukey's test for mean separation.
In the control group, proportional increases in biomass were
similar between plugs and tubers (426% vs. 440%; Table l). Compared
to these controls, the 1000 µg/g atrazine solution depressed growth
{P < 0.05) an average of 64% for plants started from plugs, and 50%
for those started from tubers; the response of tubers to atrazine
was not different from that of vegetative plant plugs {P > 0.05).
Growth in the 100 µg/l atrazine group did not differ from c:ontrols
(P > 0.05).
The third and most critical part of our test sequence was to
determine if plants exposed to atrazine while growing under axenic
conditions would respond in a similar way to plants we tested in the
buckets. This test was conducted in two parts. In Part 1, we used
very young plants, grown for about two weeks from a single rhizome
tip. At this time, the tips were just beginning to differentiate
into new leaves and additional rhizome tips and weighed <0.05 g.
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Figure 1. Net photosynthesis of sago pondweed exposed to atrazine.
Photosynthesis was determined by measuring changes in dissolved
oxygen.

Table I. Biomass of sago pondweed grown for 32 days in 19 l buckets
containing atrazine. Plants introduced into buckets were of two
forms, rhizomous tubers and vegetative plugs produced from axenic
cultures.
Atrazine Concentration {µq/l)
0
Plugs

Tubers

100

1000

Pretreatment

0.60+0.16Aa

O. 70+0.19A

0 .68+0. lOA

Post treatment

2. 56.tl. l 9A

2.40+0.96A

0.91+0.208

Pretreatment

1.00±0.62A

1. 01+0. 66A

l.06+0.69A

Post treatment

4.40;t2.64A

4.19+2.69A

2. 20+1.408

aMeans followed by different letters within the same row are
significantly different {P < 0.05).
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These small plants were placed into 125 ml Erlenmeyer flasks
containing 50 ml of filter-sterilized media to which atrazine was
added (Table 2). Plants were grown for 7 weeks. Control media and
culture media containing the atrazine was replaced with a similar,
freshly made media midway through the study. Plants ~ere maintained
under full spectrum fluorescent lights at about 20-22 C, with a
14L:IOD light cycle.
The results of this test were inconclusive. Whereas our bucket
experiment demonstrated a depression of growth at 1000 µg/l
atrazine, the data from the flask seemed to show stimulatory
responses to low levels of atrazine and no depression of growth at
1000 µg/l. Stimulation of growth has been previously reported to
occur in Myriophyllum spicatum exposed to 5 µg/l atrazine, but at 50
µg/l growth was significantly inhibited (Kemp et al. pl985).
Further examination of our data indicated much variability within
the control and treatment groups and that the growth of the plants
was not normally distributed. This variability was related largely
to the failure of many of the plants to thrive, resulting in a
highly skewed distribution of plant weights. Believing this to be
related to the small, relatively morphologically undifferentiated
plant material that we started with, we ran a small study (Part 2)
using larger, more developed plants, averaging about 0.32 g each.
Part 2 was conducted under the same axenic and ambient
conditions as Part 1, but the test period was 8 weeks and the media
was not replenished. Variability within treatment groups was
greatly reduced in controls from Part 2 compared to Part 1
(Coefficient of variation • 33% vs. 130%). Controls from Part 2
increased their biomass 10-fold during the 8 week test. Results of
this experiment were promising (Table 2), but still not convincing
as we worked only with high atrazine concentrations in a effort to
elicit a plant response. However, 1000 µg/l atrazine under these
conditions inhibited growth by a 57%, which is similar to that
produced in the bucket experiment.
These growth data compare favorably with those of Forney and
Davis (1981) who reported that atrazine's ICSO to Potamogeton
perfoliatus was 907 µg/l as determined by final dry weights. They
also reported ICSOs of 1104 µg/l to M· spicatum and 163-532 µg/1 to
Vallisneria americana where leaf or plant length was the variable.
Correll and Wu (1982) reported that 120 µg/l caused 100% mortality
in ~· americana, and Cunningham et al. (1984) found that 130 µg/l
significantly reduced growth of f. perfoliatus during a 4 week
exposure period. Kemp et al. (1982; 1985) reported that increase in
biomass was affected at considerably lower concentrations of
atrazine, with ICSOs of 30-130 µg/l to f. perfoliatus and 91 µg/l to
~· spicatum. The wide range of toxicity values for atrazine to SAV
probably reflects the absence of a standard toxicity testing
protocol and difficulties in maintaining SAV in non-axenic cultures
for long periods of time.
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Table 2. Biomass {g fresh weight) and number of rhizome tips
grown in axenic culture with atrazine. In Part 1, relatively
were grown in the atrazine solutions for 7 weeks. In Part 2,
about 0.3 g when placed in the test solutions, were grown for

{R-tips) of sago pondweed
undifferentiated R-tips
more mature plants, weighing
8 weeks.

Atrazine Concentrations (µg/l)
0

1

100

10

1000

15000

Part !

""'

v.,

Biomass

0. 71+0. 92 B

0.93+0.86 B

2.73+2.12 A

1. 74+1.17 AB

0.52+0.43 B

R-tips

3.2+2.5 BC

5.0+2.3 BC

11.2+5.6 A

6.4+2.6 B

2. 6+1.6 c

b

'-I

Part _g
Biomass

3.47+1.14 A

--

--

--

I. 50+0.53 B

0.86+0.34 B

R-tips

9.0+2.4 A

--

--

--

4.2+1.3 B

4.0+1.4 B

aMeans followed by different letters within the same row are significantly different (P ~ 0.05).
bTests not conducted at these atrazine concentrations.

CONCLUSIONS AND FUTURE RESEARCH
Axenic culture techniques for sago pondweed can produce an
abundant amount of healthy plants year-round for toxicity testing.
Plants produced in axenic cultures showed photosynthetic responses
that were similar to published results for SAV exposed to atrazine.
Plants produced under these conditions and grown in buckets
responded no differently to atrazine exposure than did plants
produced by non-axenic methods. Growth of plants exposed to
atrazine in axenic cultures varied depending on the starting size of
the plants. Larger, more different·2ted plants exposed to atrazine
in axenic cultures demonstrated a depression of growth similar to
those exposed under non-axenic conditions. Plants in our axenic
culture system grow far more rapidly than those grown in buckets.
This could reduce the amount of labor required to maintain the test
plants, and also compress the time required to detect effects. We
emphasize this point because ·he U.S. Environmental Protection
Agency requires the use of fresh effluent and frequent renewal of
newly collected fresh effluent in many of their aquatic bioassays.
Thus, the practicality of a bioassay is partially dependent on the
duration of exposure required for each test protocol.
The use of axenic testing procedures for determining the
effects of toxicants on plant growth appears to be promising, but is
clouded by recent findings that indicate that plants in our axenic
culture system appear to be primarily heterotrophic, not
autotrophic. We are attempting to refine the current culture
technique in an effort to produce an axenic, autotrophic culture
In the interim, we are continuing to develop protocols for
system.
a bioassay in which individual pollutants and effluents from various
sources in the Chesapeake Bay area will be examined for
phytotoxicity. In this approach, effluents will be first tested for
If no inhibition is found, filter
inhibition of photosynthesis.
sterilized effluents will be tested for their effects on plant
growth and morphology in axenic cultures. If photosynthesis is
found to be inhibited by an effluent, the phytotoxicity of the
effluent will be examined in our nonaxenic bucket "microcosms".
While continuing to explore the use of axenic cultures in
toxicity bioassays, we are maintaining contact with State and
Federal regulatory agencies concerning requirements for standard
protocols for SAV toxicity testing. We hope to begin a trial program
of effluent screening in 1988 to evaluate the usefulness and
sensitivity of our test system and protocols.
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Inducible Adaptations as Bioassays
Brian P. Bradley, Roxana Hakimzadeh,
and Roger M. Davis
University of Maryland Baltimore County
Department of Biological Sciences
Baltimore, Maryland 21228

Organisms have been used to test environmental quality for a long time.
The earliest test organism perhaps was human, the earliest experimenter
a King and the environment being tested the King's food. While in
environmental matters Kings are seldom the investigators and humans are
rarely used as an indicator species, at least with their consent, death
is still a widely used endpoint. Death is unambiguous and premature
death indicates poor environmental quality. However, in biomonitoring
and bioassay, as in medicine, additional criteria are needed. Just as
death can indicate extreme conditions, sublethal biological tests can
indicate less severe conditions which may nevertheless lower long-term
survival or reproduction (Rand 1980).
Many indicators of sublethal stress have been identified. Some of these
are adaptations of the organism and some may be usable in bioassay,
particularly in water quality measurement. Reproduction is one such
criterion forming a "critical interface between the individual and the
population" (Widdows 1985b). Some methods using reproduction are
described in Horning and Weber (1985). Growth rate or potential for
growth rate is another useful criterion (Widdows 1985a, 1985b). These
assays require considerable time and effort, so shorter perhaps less
expensive methods have also been suggested at least for screening and
monitoring, if not as definitive bioassays.
Short-term adaptations which are induced in individual organisms by an
environmental stimulus seem ideally suited to testing water quality. A
large number of sublethal tests, some of which may represent
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adaptations, have been proposed. Many of these tests are biochemical,
including mixed function oxidases, heavy,metal binding proteins,
lysosomal latency, levels of steroid hormones, adenylate energy charge,
O:N ratios, RNA/DNA ratios, amino acid ratios and others. They are
discussed in Bayne et al (1985), in Mcintyre and Pearce (1980), in
Dillon and Lynch (1981) and in Ivanovici and Wiebe (1981).
What we wish to describe in this paper are two inducible responses to
environmental stress, one observed in the intact organism and the other
at the level of protein synthesis. Both seem useful as bioassays. A
third test, based on changes in membrane microviscosity has potential
but is less well developed than the first two. Each of these responses
is a threshold trait but each is quantitative as well. The organismic
test is general, the protein synthesis test appears to be both specific
and general, as will be explained, and the membrane viscosity test is
general, in the sense that the response is the same to all stressors.
These assays have been investigated with the calanoid copepod
Eurytemora affinis, indigenous to the Chesapeake Bay and, it seems, to
most other temperate estuaries in the Northern Hemisphere. The virtues
of this organism for ecology, genetics and physiology have been
extolled in other papers. Suffice it to say here that if indigenous
species are to be used to test estuarine waters, and they should, then
calanoid copepods ought to be among them. Eurytemora has been used at
times in standard LC50 tests (e.g. Liden et al 1980) and in tests of
reproduction (Bradley 1986)

THE WHOLE ORGANISM BIOASSAY: INDIVIDUAL TIME TO ENTER COMA (ITEC).
This assay has been used for over 10 years now, mainly to measure
temperature tolerance. In its original form (Bradley 1975) the
diagnostic was a combination of time to "succumb" (TS) or enter a coma
and time to recover (TR) from the coma, when individual copepods were
shocked at 34.S 0 c. At that time we used an index 30 + TS - TR as
temperature tolerance. Later the index became simply TS when we found
that TR added little or no information, having a high negative
correlation with TR. Presently the assay consists of exposure to
stepwise l/2°C increases in temperature each 5 minutes beginning at
32°c, to accommodate the widest possible ranges of tolerance.
What we previously referred to as "The Assay" and are now calling ITEC
can be used for any water soluble stressor or combination of stressors.
Copepods are placed individually in vials open at both ends, with 7314mesh enclosing the bottoms. These vials in a rack of 20 are placed in
a 5 gallon aquarium filled with the test solution. In the tEimperature
tolerance assay the water would be filtered bay water at approximately
5 ppt salinity. The copepods are then observed until inactivity and
the individual times noted. If needed for further experimentation,
each vial can be removed and placed in clean bay water without further
harming the copepod. We have tested the correlation between this assay
and survival at the individual and family levels for temperature, but
not for other stressors. For temperature stress, we established quite
early (Bradley 1976) that the test was valid and recently we have
repeated the validity test on a much larger scale using the <~urrent
assay.
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The later results confirm that ITEC predicts survival quite well. The
correlations with survival times were 0.80 and 0.64 for males and
females, respectively. When survival was measured on full siblings of
the tested copepods the correlations were 0.63 and 0.53, respectively.
The latter correlations would be expected to be lower since survival
was measured in siblings, with 50% relationship, rather than on the
same individuals. When genetic correlations between ITEC and survival
were measured the estimates were 1.09 ± .10 for males and 0.62 + for
females (Bradley et al 1988). As was the case in the earlier work
(Bradley 1976) the prediction of survival was markedly more accurate at
29.5°6 than at 27°C. The former temperature represents the normal
upper limit the species would experience in Chesapeake bay.
Advantages and disadvantages
The advantages of this test are that it is short term, nondestructive
and quite repeatable. It also combines the advantages of static and
flow through tests in its simplicity and realism. (Davis and Bradley
1988). Water constantly circulates through the vials and if the level
of contaminant in the aquarium is maintained, flow through conditions
are approximated quite well. The test could be used in situ by
exposing racks of organisms in the mesh bottom vials to ambient water.
However, with prolonged exposures in the field some prefiltering would
be necessary to prevent fouling of the mesh bottoms.
There is no reason why the assay could not be used with fish larvae.
Other forms may die rather than enter a coma, but even in these cases
time to death would be the criterion for tolerance, and the assay would
still be quantitative.
One disadvantage of this assay is variability among and within sets of
organisms tested. Variation among individuals was reduced some 40-fold
in tests using chlorine oxidant simply by opening the vials to the
surrounding envirorunent adding the mesh bottoms to vials). This was
apparently because the conditions were now uniform among vials (Davis
and Bradley, unpublished). A second minor disadvantage is that levels
of contaminant must be adjusted to allow some time to elapse before
coma or death.
It seems to us that physiological and biochemical tests should be added
to routine testing programs. Such tests could be used for field
surveys to identify hot spots and for in situ monitoring. If
definitive they could be used in laboratory bioassays of whole
effluent, specific contaminants and potential contaminants. Since many
of the sublethal tests are stress tests they might also be used to
assess the physiological condition of stocks of biota in their natural
habitat or in aquaculture. These latter applications are already under
serious consideration.
There are a number of biochemical and cellular indicators of stress
which have potential use in bioassay. Some of these were listed
earlier. In this laboratory we are presently examining two adaptive
responses at the suborganismal level. These have been described quite
fully in Bradley et al (1988) and the details will not be repeated
here. The focus will be on their usefulness in bioassay.
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STRESS PROTEIN IMMUNODETECTION ASSAY (SPIDA).
The synthesis of novel proteins, what were and still are referred to as
heat-shock proteins, provides an attractive basis for a biological
assay of water quality.
The heat shock response was first documented over 100 years ago but
only in 1962 did the phenomenon receive further attention (Nover 1984).
The response includes changes in the cell membrane, to be discussed, in
the cytoskeleton and in virtually all of cellular metabolism. The most
dramatic response, which occurs with types of stress other than heat
shock, is the synthesis of a collection of heat shock proteins. Across
the species examined there seem to be about 5 major heat shock proteins
(68 - llOkD) and many smaller heat shock proteins (15 - 25 kD)
The fact that these proteins are so ubiquitous, highly conserved and
are induced by a variety of stressors from oxidizing agents to
chelating drugs, wounding to viral infections as well as heavy metals,
makes them very attractive as indicators of stress. In view of this
general response these proteins are now often referred to as stress
proteins.
We have identified five conunon stress proteins in Eurytemora (Bradley
et al 1988) and several others in mysids. The proteins induced and
their quantity varies with the stressor. To date we have examined the
response to heat shock, chlorine oxidant (35 ppb) and tributyltin (0.5JAg/L). The major proteins consistently present and identified after
labeling with 35s methionine (methods in Bradley et al 1988) were as
follows, according to stressor:
Heat shock
Hsp
Hsp
Hsp
Hsp

109a
98
82
70

Hsp 24.5

Oxidant

TBT

Hsp
Hsp
Hsp
Hsp

Hsp
Hsp
Hsp
Hsp

70 (lesser)
52
48
24

70 (lesser)
46
43
24

aHsp 109 - heat shock (stress) protein with molecular wt.
(approx.) 109,000D.
The method could be used for routine screening, biomonitoring or
bioassay as it exists presently but it is impractical. Animals must be
radioactively labelled and extracts run on separating gels to identify
the newly synthesized proteins autoradiographically.
Two other treatments, anoxia and cold shock did not induce synthesis,
when the animals remained under stress. As is the case with other
stresses, however, protein synthesis in general was suppressed.
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Advantages and disadvantages
The pattern of response to the stressors examined so far, in addition
to the work of others, suggests that the response is both general and
specific. The phenomenon itself occurs in response to a range of
stressors, as also indicated earlier, and, in addition, there is some
promise of specificity in pattern as was seen in comparing responses to
heat shock, chlorine oxidant and TBT. The latter conclusion requires
much more data. At the moment the method is not practical for routine
screening, biomonitoring or bioassay, although it is being investigated
for use in shellfish (Sanders, 1987). The stress protein assay will be
routine when a simpler method of detecting the proteins, probably
immunological, is developed. At the time of writing several detection
methods, on which we are working, seem quite feasible.

PLASMA MEMBRANE MICRO VISCOSITY
In collaboration with Dr. James Vincent of the Chemistry Department at
UMBC we have been examining phase changes in plasma membrane viscosity
using the spectra of light scattered at certain wavelengths by
non-lipid molecules in the lipid bilayer, excited by a laser beam--the
so-called Raman effect (Bradley et al 1988). The natural probe
molecule is the carotenoid astaxanthin and intact organisms are
observed. By observing intensity ratios at two wavelengths, membrane
phase changes can be inferred and thus any adaptation to stress at the
membrane level can be detected.
Advantages and disadvantages
The advantages of the response as an assay are its simplicity (given
the availability of spectroscopic equipment), its use of intact
organisms and the generality of the response to a number of stressors
(Kasai et al 1976). Its practical application depends on modification
to allow animals to be observed in a continuous series and, most
importantly, on distinguishing spectra of the carotenoid in plasma
membrane phospholipids and in other lipids. Changes in the former
affect membrane viscosity and would be adaptive. Changes in the latter
would not be.
We need to examine whether these assays meet the criteria for bioassay
or at least for tests of stress. The following are criteria gathered
from several sources (Widdows 1985a,b, Livingstone 1985, Lee et al
1980, Brungs and Mount 1978) and paraphrased. Some of these papers
include evaluations of current techniques. The criteria are not in
order of priority.

CRITERIA FOR SUBLETHAL BIOASSAYS
1.
2.
3.

4.
5.
6.
7.
8.
9.

Sensitivity to sublethal stress.
Rapid response time
Quantitative and predictable relationship to contaminant
Response through optimal to lethal range
High signal-to-noise ratio
Related to some ecological or pathological effect.
Broad application to a range of contaminants or phyla.
Inexpensive equipment, low running costs
Simplicity
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Also, when used in biomonitoring, an assay should be unaffecte.d by
short-term fluctations in a stressor and should be usable in field or
laboratory.
The tests described briefly in this paper, namely ITEC and SPlDA, seem
to meet most of these criteria. ITEC meets all the criteria with the
exception of no. 5. Stress conditions are recognized by having enough
test organisms for biologically significant perturbations to be
statistically significant also. ITEC is not particularly useful for
biomonitoring.
The stress protein assay seems to be applicable to initial screening,
to biomonitoring and to laboratory bioassay and seems to meet all the
criteria. The case for no. 6, the relationship to some ecological or
pathological effect, is least clear. There is no question that stress
proteins are synthesized under almost any recognizable and stgnificant
stress. Stresses due to handling are not sufficient to inducEi them.
Stress proteins also appear to confer protection to the cells until the
stress passes or is accommodated in some way (Nover, 1984). It is not
clear whether the organism which is the first to synthesize these
proteins (and to shut down other protein synthesis) is the most
sensitive or the most resistant to the stress. So we do not know the
form of the relationship to an ecological effect. Having recently
reviewed existing techniques used on Chesapeake bay biota (Bradley and
Roberts, 1987), we, the present authors that is, believe SPIDA is
competitive with any others we are aware of.
So the points made in this paper are that sublethal tests ought to be
even more widely used than they are and that adaptational responses in
the organisms, triggered by environment stresses, should be used as
diagnostics of those stresses. The test organism is in effect being
used to integrate what otherwise may be confusing physico-chemical
signals into a single response.
Finally, the individual adaptations we have been discussing need to be
related to responses at the population and ecosystem levels. Just as
changes at the cellular level may be merely homeostatic adjust:ments not
affecting the organism, so changes at the organismic level may have
slight consequences to the population. On the other hand, if
biochemical tests could be used to predict population effects then
perhaps they would be more useful and would receive a better rating
than they did in a survey by Brungs and Mount (1978). At that time
physiological and biochemical tests received a relative utility rating
(based on several criteria) lower than 13 other kinds of tests,
finishing just above "in vitro".
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The Role of Photochemistry in the Bioavailability of Toxic Substances
in Estuaries; Implications for Monitoring
George R. Helz and Robert J. Kieber

University of Maryland
Department of Chemistry and Biochemistry
College Park, Maryland 20742

Interaction of solar photons with toxic substances in surface waters can
have profound effects on the chemical and biological behavior of those
substances. The study of these effects is in its infancy. However, a number
of significant examples can already be cited. In some cases, the result of
photochemical reactions is detoxification. One example is the reduction by
photochemically produced hydrogen peroxide of free chlorine discharged from
power plants and wastewater treatment plants. Another example is the
photoreduction of Cr (VI), a toxic and carcinogenic form of chromium, to the
harmless Cr (III) form. This has been observed as active process in Back
River and is probably responsible for removal to sediments of much of the
chromium discharge from the large wastewater treatment plant on that
tributary. On the other hand, cases are known in which toxicity is sharply
increased by photochemical transformations. Such reactions are associated
with weathering of petroleum at oil spill sites. Oxidation of Parathion to
Paraoxon, a more toxic compound than its parent, can be accomplished by
peroxides. Other examples are known, but much research on these processes
remains to be done.
The existence of photochemical transformations that affect toxicity has
important implications for the design of environmental monitoring programs.
Large diurnal variations in the concentrations of some toxic substances may
occur, requiring special sampling precautions. Programs designed to monitor
"at the pipe" may grossly under- or overestimate the environmental impact of
toxic substances, depending on the nature of subsequent photochemical
transformations. Laboratory toxicity studies involving aquatic organisms may
generate misleading results unless attention is paid to light flux.
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Abstract only

Dechlorination: Is it the Answer?
Hetz, Anthony C. Nweke,
and Philip J. Kijak

George R.

University of Maryland
Department of Chemistry and Biochemistry
College Park, Maryland 20742

Since World War II, sharp declines in fish catches in freshwater
tributaries of the Chesapeake has corresponded in time with the construction
of numerous waste water treatment plants. The coincidence of these events has
made chlorine, used in water water disinfection, a suspect in the declines of
catches. As a consequence, Maryland and to a lesser extent Virginia have
become national leaders in the installation of dechlorination systems at
wastewater treatment plants. Typically these systems employ S02 to destroy
residual chlorine. Research in our laboratory shows that dechlorination does
not completely destroy all components of residual chlorine, as had been
thought. Experience at three plants suggests that 10% of the residual
chlorine typically is unreactive to S02 on the time scale of holdup in a
treatment plant. The actual compounds involved have not been identified, but
experience with model compounds in the laboratory suggests that peptides and
secondary amines can form chloramines that fail to react with so2. The
sulfite-resistant fraction of residual chlorine at treatment plants can be
partially extracted into nsoctanol. This evidence of mild hydrophobicity
suggests that these compounds may prove toxic to fish. Certain hydrophobic
organic chloramines have proven to be nearly as toxic as free chlorine to
fish. Clearly further toxicological investigations are in order. Additional
work in our laboratory has failed to find compelling evidence that the
discharge of sulfite in dechlorinated effluents is itself an environmental
hazard, although some release of toxic copper from sediments may result.
In
the course of our field studies, we did observe evidence that the
dechlorination process is often poorly controlled, resulting in periods when
residual chlorine is released and periods when gross excesses of sulfite are
released.
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Implications of Toxic Materials Accumulating in the
Surface Microlayer in Chesapeake Bay
Hermann Gucinski
Anne Arundel Community College
Arnold, Maryland 21012

John T. Hardy
Oregon State University
General Science Deparunent
Corvallis, Oregon 97330

H. Ronald Preston
US EPA Chesapeake Bay Program Liaison Office
Annapolis, Maryland 21403

The aquatic surface rnicrolayer is subject to the spontaneous,
thennodynamically driven P.nridhntP.nt of naturally occurring surface
active rrolecules (surfactants). These in turn may serw~ as ligands
or solvents for toxic metals, chlorinated, saturate and
polyarcmatic hydr~arbons. Toxic substances that are themselves
surface active, such as TBT (tributyltin) and its derivatives will
readily accumulate in the rnicrolayer as well. Then~ is a grCMing
body of evidence that shCMs enric~nt ratios of one to several
orders of Magnitude in s~les of toxic substances taken fran
estuarine, coastal, and lake waters on a worldwide scale. In
Chesapeake Bay, limited sampling hci.s Rhown elevated levels of
metals and hydrocarbons (alkanes and polyarcrnatic~) on the uppP.r
tidal Potnnac River and at thrP.e northern Bay stations
(Susquehanna, Elk, and Patapsco Rivers) • Sourres implif'!atM appear
to include aerial deposition and surface run-off. Additional
sampling during autumn 1987, i.e. at~ least likely to suggest
pesticide presence, nevert..heless sho.Ye<l detectable levels of 23
differ~.nt toxic organics and pesticides in uµ:>er bay rnicrolayer
sarrples. Bulk water sarrples, by comparison, rarely had detectable
levels of the sarre corrpounds. Only feN investigator~ havP. sought
to derron~trate the rninceptibility of P_xposurP to and effects on
aquatic organisms that are neustonif'! in at least part nf their
life cycle. Preliminary work by others in the North Sea, southern
California coastal waters, and by one of us on Puget sound and in
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Gulf Stream waterR near the straits of Flori<la showed selectively
high rrortality to sanP. indicator organisms. We have te.11tatiw>.ly
identified eggs and larvae of the bay anchovy (Anchoa mitr.hilli),
atlantic silverside (MP.nidia ITEnidia), hogchoker (Trinectes
maculatus) as well as the copP.poi (Acartia tonsa) a!=l candi<1at~
vertebrate and invertebrate indicator organism..~ for bioassa,rs.
Suitable bioassay techniqt1P.s for in-situ and laboratory testing of
microlayer water nP.ed to be develo~. in order tn assess both the
biological significance 0£ toxic materials enrichrrent an<l the
degree to which this enrichm=mt fa found. The resulta"lt
inforroation should provide fur- · assesmrent relating the role of
rnicrolayer contamination to th~ ~:ec:line of ChesapeakP. Bay l:Lvinq
resources. If significa~t effects can be traced to sources
contributing toxics to the surface rnicrolayer and if these
concentrations affer.t the living n~sources, their control mE~asun~
should be explored, evaluatA<l and implemented.

INTOODUCTICN
The boundary between the atmosphere and the aquatic
environment is an irrportant biological habitat and a collection
point for rx>llutants. The ~gs and larvae of many finh and
shellfish species float on, or care in contact with, the water
surface throughout their early develoµnp.nt. The aquatic surfa.ce
microlayer (surface microlayer), operationally dP.fined as so-100
um thick, serves as a concrmtration point for metal ;mc'i organic
contaminants that have l<"M water solubility or are associatoo with
floatable particles. Recent studieR have linked aquatic surfar.e
contamination with negative binlogkal inpacts. In Puget Sound
(Hardy et al., 1988a), SouthArn Ca.lifoniia (Cross et al., 1987),
and the North Sea (Kocan et al., 1987), fish egg;, E=>.xposed to
contaminated surface rnir.rolayer P.xh.ibitoo reducP.d viability ..
We rerx>rt here work on the evaluation of rnicrnlayer samples
taken fran six stations in the uppP.r Chesapeake Bay (Figure 1) and
identify living resources potentially irrpacted. Additionally, we
P..xplore necessary features of a plan for assessing the biological
significance of the observed enrichment of toxic contaminants.
Organic nnlecules, collectively called surfactants
(surface-active agents) , are thermodynamically drive.n to re~-ain at
the interface because they lower thP surfacF! free energy. Dominant
rrolecules appear to be biogenic, are long-chain, and of high
rrolecular weight. The enriched interface is capable of trapping
other rrolecules, both di!lsolved and particulate, toxic: and benign.
This matrix forms a substrat~ for bacterial gr~ as Sef>..n by 1 to
4 orders of magnitude higher bacterial cnunts in the rnicrolayer
than the subsurface water. In estuarine waters t.he tine scale for
such initial enrichment is short, a time. fr~ of hours or tens of
hours is likely (Gucinski, 1985, 1986; 01~.on, 1983; CrON et al.,
1975; Sieburth, 1982; Hartwig and Herr, 1984).
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F1gll'e 1. Station Locations
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Many taxa, known to be neustonic offshore, also occur in the
Bay. Table 1 is a listing of taxa clearly found to be neustonic
in marine waters of the Mid-Atlantic Bight (Grant, 1979).
Cooparing his findings to species lists published by Wass (1972)
and Lippson et al. (1979) , one can identify those species
occurring in the Bay, and putativP.ly classify than as neustcm as
well. Exceptions do exist. · For P.xample, t.he larval stage of the
blue crab (Callinectes sapidus) is neustonic in offshore waters,
but once transported into Bay waters, its zm~ae an<l rnegalopct.e are
pelagir. (Provenzano et al., 1982; 1983). Marine neuston studies
cannot be e..'<:trapolated to the lC'.'.'1 salinity zones nf the Bay ..
Clearly, a neErl E>.xists to characterize the neuston of Chesapeake
Bay.
On the mid-Atlantic shelf t.he larvae of carrnercially valuable
species such as menhaden, hake, cod, bluefish, lobster, an<l blue
crab, occur in greater r.oncentrations i!'\ surface water t.han in
subsurface water (Grant, 1979, Castagna, 1977). The copepod
Acartia tonsa, various species of amphipod, the bay anchovy,.
atlantic silverside and hogchocher, are all knCMn to haw~ eqg,
:..arval, or adult stages that r:ontact the surface rnicrolayer.. The
<c.·::posure risks that these selected species undergo when toxic
materials are enriched or resident in the microlayer neoo to be
assessed. In addition, to estimate exposure duration, information
is needed on the residence times in the rnicrolayer for
zooplankton, larvae, and eggs.

Studies conducted in the spring of 1986 (Hardy et al., 1987)
suggested that serious surface microlayer contamination,
consisting of carplex mixtures of chemicals, occurs in Chesapeake
Bay. Contamination lE>Vels ruggested the presence of three major
zones --the ui:per Bay, with high leveln of contamination; the
Potaaac River with moderate to high levels; and the southern and
eastern shorP., with a different chP.mical mixture and generally low
levels of contamination. OUr data result fran auturr01 sampling and
cover an extended range of contaminant!> identified as potentially
hannful by the EPA.
We herP.by gratefully ar..kncwledgP. miw->rt of the EPA
Chesapeake Bay Program and the follCMing : L. Antrim, R. Smith, K.
Durrell, R. Allard, T. Wilsnn, s. Jordan, M. O'Malley, E.
Crecelius, T. Fortman, W. Steinhauer.

Neuston collections we.re limited to waters of the upper
Chesapeake Bay (eo..ntirely within the state of Maryland) and did
not include night-time tCMs. The rectangular mouth (0.46 x 0.3 m)
zooplankton net, had a mesh size of 100 urn and Rarnpled a
surface-water volume nf 9 cubic meters when inm:=>..rsed to an average
depth of 0.05 m. In a fet1 c:ases the volurce sarrpled was estimated
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TABLE 1:

PELAGIC ZOOPLANK'l'CN FCXJND IN NEUSTCN 'JniS

AND ALOO FOUND IN ~ CHESAPF.AKE BAY (after
Grant, 1979 , Wass, 1972 , Liwscm et al, 1979)
(canb jellies)
Liriope sp.

CNIDERIA

COPEPODA (zooplankton)
Acartia sp.
Acartia tonsa
Calanus f inmarchicus
Candacia annata
Centropa.ges furcatus
Centropages harnatus
Centropages typicus
Corycaeus sp.
Eucalanus sp.
Eucalanus pileatus
Labidocra sp.
Labidocera aestiva
Oithona spp.
Oncaea venusta
Paracalanus pa.rvus
Paracalanus quasimodo
Pontella sp.
Pontella meadii
Pseudocalanus sp.
Terrnra longicornis
Tenora stylifera
Terrora turbinata
EC!llNODERMATA (including
seastars, etc. )
unident. ophiuroids

MOLLUSCA (mussels & clams)

Dosinia discus
Melarrpus bidentatus
8pisula solidisirna
MYSIDACEA (mysid shrimp)
Heteral!Ysis forrnosa
Mysidopsis bigelOW'i
Necrrrtsis arrericana
CUMACEA

axyurostylis
ISOroDA
:Edotea triloba
Idotea metallica
AMPHIPODA
Corophium sp.
Stenothoe sp.
DEX:APODA (principally crabs)
callianassa sp.
Callinectes sp.
Crangon septemspinosa
Homarus arrericanus
Hanola barbata
Latreutes fucorum
Leptochela sp.
Libinia sp.
Munida r;p.
Pinnixa cylindrica
Portunus sp.
PISCES (fish, eggs,
larvae)
Astroscopus guttatus
eynoscion regalis
Hippocarrqms sp.
Menidia menidia
Scooberesax saurus
Scophthalmus aguosus
SphOP.roides sp.
Syngnathus sp.
Syngnathus fuscus
Urophyics sp.
Urophycis regius

CHAE'IDGNATHA (arrCM wonns)

Sagitta elegans
Sagitta enflata
Sagitta hispida
Sagitta tenuis
unident. chaetognaths
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at about 4 cubic meters rather than calculated. Samples
preseIVoo in bufferPd. 5% formalin for later analysis.

wen~

Sa:rrples of the m~a-surfacP. microlayer were collected fran 6
sites in Chesapeake Bay between Septerrber 10 and 12, 1987 lming
the rotating tef lon drum microlayer sampler and repeated during
October, 1987. because of the los~ of sane samples in shi~nt.
Methods followed in general t.hose described previously for similar
samples (Hardy et al., 1986; Har<ly et al., 1987; Hardy et al.,
1988). In addition, sanples were analyzed for concP.ntrations of
tributyl tin by hydride generation and atomic absorption
detection. Analyses ~rforme<l at EPA contract labs followro
standard :rrethodology as specified by thP. Office of Water
Regulation and Standards.
Microlayer sampler collection ef ficiPncy detP.rmination~; were
made with Lycopodium spores, a hydrophobic particulate
representative of aerially <l~po~itP.d materials and radio-labP.llP.d
14C DDT dissolved in oleyl alcohol, used to represent a dry
surfactant that fonns monolayern.
Table 2 surrmarizes the n~sul ts for particulate rACOVery, done
on seawater, except for a single run on tapwater at 0 ntil/m
spreading pressure.
Counts of 14C DDT indicated a recovery which increased with
increasing film pressure and was 78.7, 80.3 and 88.2%, for :rean
surface pressures of 4.6, 19.6 and >23 rrN/m, respP.ctively.
Collection efficiencies of 2 microlayer samplers tested here are
less than 100%, and vary both as to the substance recovered as
well as with the presence of slick forming molecules, as
determined by surfnce pres mire or mrrface tension roeaffilrerrP. . nt.
Within slicks, such P.fficiencies P.Xceed 85%, and are rruch lf'!SS,
fran 60% to nearly 80% when surface waters are "free" of
organized, coherent films.
RESULTS

OUr analysis of neuston tCMs collected this sunm=-...r and autumn
fran four sites in Chesapeake Bay indicates the presence of at
least 20 abundant taxa dominated hy the copepod Acartia tonsa
(Table 3). All tCMS ~re conducted in daytime an<l only
zooplankters were collectoo. The limited scope of the study (nn
replicate sanpling) and late SBason of the sampling could not
cai:prehensively represent overall neuston abundance and divP.rsity.
Results indicate that surface-dwelling organisms occur at very
high densities in the areas sampled with a mean density > 7000
individuals/cubic rooter. For r,orrparison, densities of total
zooneuston in Puget Sou.~d collected with a similar net were about
100 to 400 individuals/cubiC'! meter with·copepods daninating the
camruni ty. In Chenapeake Bay, the copepod Acartia tonsa could
repreoent an inportant prey iten for surface feeding fish or other
organisms.
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TABLE 2:

LYCOPOOIUM SPORE SAMPLIK; EFFICIF.NCY AS A

FUNCTICN OF SPREADIN3 PRESSURE
Surface
Sampler
Drum
Glass plate

Spreading Pressure n:N/m

0

<0.82

4.4

64.4
31.1

18.4*
55.2

74.3
37.6

18.8
89.8
99

*Visual observation showed spores pushed away fran sampler,
suggesting sane surfactant contamination that produced
its own spreading pressure.
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TABLE 3:

NEXJSTCN CCH»n'RATICNS IN THE UPPER CHESAPEAKE MY

Choptank River

Number3
per m
TAXA:
9362
Acartia tonsa
942
copepcrl nauplii
barnacle nauplii
626
Bosmina
longirostris
312
Canptocercus
208
rectirostris
184
insecta
184
shrimp larvae
Moina micrura
184
Podon
92
~lyphenoides
Chydorus sp.
92

Percent
Total
76.71
7.72
5.13
2.56
1. 70
1.50
1.50
1.50
0.75
0.75

Matapeake
Number3
per m
Acartia tonsa
2167
copepcrl nauplii
557
Bosmina
1052
lo!!!irostris
Podon
polypherroides
62
62
CycloEs vernalis
eye lops
hicuspidatus
371
62
DiaEhanosana

Percent
Total
50.01
12.85

TAXA:

24.28
1.43
1.43
8.57
1.43

Elk River
495
21

Percent
Total
95.38
4.05

Susqueharma River
Number3
TAXA:
~rm
Acartia tonsa
4800
insecta
1280
320
Ch::f:dorus sp.
eyclops vernalis 2880
unident'd, dmaged 3200

Percent
Total
38.46
10.26
2.56
23.08
25.64

TAXA:

Acartia tonsa
Diapl1anosana

Number3
~rm
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Sarrples collected during Sept~r and OctobP.r 1987 (Station
locations are shown in Figure 1) shc:Med elevated r.oncentrations of
metals in the rnicrolayer. Of particular interest, in tenTts of
potential toxir,ity, were the concentrations and/or enrichmP.nts
(microlayer/bulkwater concentrations) of silver (indicative of
sewage inputs) at Stations 7, 8, and 12, copper at all stations,
and arsenic, lead and zinc at Station 3. The total microlayer
concentrations of Ag+cu+cd+Pb+Zn range<l from 59 to 642 ug/l. We
are presently r8Confirming the results of these mP-asur~nts.
Pesticides and other organic conpounds were E=>nriched in the
microlayer ccmpared to the bulkwater sarrples at several sites.
Microlayer conce..ntrations are shCM11. in Table 4. Enriched
microlayer concentrations occurred at two or roorP. stations for the
follcwing: ca:rbophenothion, derneton, diazinon, di-butyl
phthalate, EPN, P.thion, farnphur, fensulfothion, and kepone. In
general, Stations 7 and 8 wer~ roost contaminated; P..g. the
microlayer at Station 8 was particularly enriched in dieldrin.
Dieldrin has beP-n found in urban run-off at concP.ntration from 8
to 100 ng/l, values in the sane range as seen here (EPA, 1982).
October 1987 sarnples (Table 5), analyzed by Battelle, had
high concentrations of organi~ contaminants in the rni~rolayer at
oost stations. Concentrations of organotin ranged frOfl'\ 30 to 349
ng/l in thP. rnicrolayer and 60 to 90 ng/l in the two bulkwater
sarnples analyzed.
Concentrations of total aranatic hydrocarbons in the surface
microlayer of ChesapP.ake Bay ranged fran 0 to 20 ug/l. Table 6
lists concentrations at or above the detectable l~el. Spike
recovery measurenents on the samples using surrogate aromatic
hydrocarbons miggested that only 35 to 100% (mean 69%) of the
aranatic hydrocarrons were recOVP.red, i.e. our reported values
represent roughly 69% of the actual concentrations present in the
sarnple. Arana.tic hydrocarbon concPntrations werP. low or below
detection at Stations 2 and 3, significant (potentially toxic) at
Stations 7, 11, and 12, and very high at station 8 (SusquP.hanna
River). Concentrations of total saturate hydrocarbons ranged fran
3.8 to 66.5 (mean 21.3) ug/l (Table 7). Highest concentrations
occurred at Stations 3, 7 and 8.
Pesticide and chlorinated organic catpeunds wer~ largely
undetected in surface microlayer samples taken in October, with
the exception of dieldrin. DiP.lfu"in occurred in concentrations of
1 to 18 ng/l except at Station 2, where it was absent. A.c. was the
case with rrost of the other contaJT\i.nants, high concP.ntrations of
pesticides were found at Stations 3, 7, and 8.

DISCUSSIOO
In recent years, taKicity tests of sedi.rcP.nt contamination
have involved the developnent of an P-nvironmental quality triad
(chemical, bioassay and infauna) to detennine environmental i.mract
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TABLE 4:

COOCENI'RATICNS {ug/l) OF PESTICIDES AND ORGANIC
CXM'OUNDS IN THE SURFACE MICOOIAYER AND BULKWATER OF

CHESAPEAKE BAY SEl?'ID1BER, 1987.
M=MICOOLAYER, B=BULK SEA WATER

ANAL'YZED BY EPA.

Station:
Ccrrpound:

Baltinore
Harbor
M

azinphos ethyl
azinphos roothyl
captafol
carbophenothion
chlorfevinphos
coumaphos
crotaxyphos
demeton
diazinon
dichlorvos
m-di-butylphthalate

B

Susquehanna
River
M

Potanac
River

M

M

B

B

nd
nd nd
nd nd
"""'.nd nd
nd
nd nd
nd -<0.25 nd
nd nd
nd -<0.5 nd
:nd nd
nd
nd nd -<:nd <0.5
nd
nd
nd nd
<2
nd
:nd
nd
nd nd
<1
nd nd
'rrl <1
nd
nd nd -<0.5 <0.5
nd
nd
<0.5 nd
nd nd
nd

nd*
nd
<0.2
nd
<0.5
nd
<1
nd
<0.5
nd

nd
nd
<0.2
nd
<0.5
nd
<1
nd
nd
nd

<1!
<1
nd
<0.5
<0.5
nd
<1
<1

50
EPN
<0.5
ethion
<2
f anphur
nd
fensulfothion
<1
kepone
nd
leptophos
nd
nonocrotophos
nd
phosroot
<1
terl>ufos
nd
tetrachlorovinphos nd
thio-bis-methane
nd
trichlorofon
nd

nd
nd
nd
nd
nd
nd
nd
nd
nd
<1.2
nd
nd
nd

nd

*Not detectable.

B

Matapeake

nd
nd nd
nd
nd nd
rrl
<2
nd
nd nd
<0.5 nd -<0.5 nd
nd
<1
nd nd
<0.12 nd -<0.12 nd
nd nd
<0.5 nd
nd nd
nd nd
nd rid
nd nd
<1.2 <1.2 -<1.2 nd
nd nd
nd nd
nd
nd nd
nd
<1
nd
nd nd

nd

-<0.5
nd
-<0.5
nd
nd
nd
-<5
nd
nd
-<0.5
nd
nd

1 Present at or belCM detection l:ilnit
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nd
nd
nd
<0.5
nd
nd
nd
nd
nd
nd
<0.5
nd
nd

TABLE 5:

BUI'YL TIN (ng/1 N3 mo:RGANIC TIN) IN CHESAPFAKE
BAY MICOOLAYER AND BUI1<WATER SM-1PLES COLLOCTED
~BER,

1987

Butyl Tin
(ng/1)

Location

Microlayer

*Baltim::>re Hal:bor

Bulkwater

80

Susquehanna River

299

Upper Potanac

349

*Matapeake

200

90

*Choptank River

70

60

*Point Lcx)kout

30

*Data requires additional verification.
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TABLE 6:

~C HYD~S

IN THE SURFACE MICRO.IAYER

OF CHESAPE.AKE BAY, CC'IDBER, 1987

Coopound:

Baltirmre
(ug/l)

Phenanthrene
Fluoranthene
Pyrene
Benz(a)anthracene
Crysene
Benzo(k)fluoranthene
Benzo(e)pyrene

Choptank

(ug/l)

o.o
0.1
x

0.1
0.2
0.1
0.0
0.0
0.0
0.0

x

x

x
x

Total (all carpounds) 0.4
0.1
X = Present, but belON detection limit of
Corrpound:

Matapeake
(ug/l)

o.o
o.o
o.o
o.o
o.o
o.o
o.o
o.o

0 .05 ug/l.

Susquehanna River
{ug/l)

Acenaphthene
Fluorene
Phenanthrene
Anthracene
Cl-P/Cl-A
Dibenzothiophene
Fluoranthene
Pyrene
Benz(a)anthracene
Chrysene
Benzo(b)fluoranthene
Benzo(k)fluoranthene
Benzo(e)pyrene
Benzo(a)pyrene

0.1
0.4
3.4

Total (all carpounds)

20.2

1.0
1.0

0.1
5.3
3:5
1.4

2.8

0.8
0.1
0.2
0.1

Naphthalene
Cl-Naphthalene
C2-Naphthale..ne
C3-Naphthale.ne
C4-Naphthalene
Acenaphthylene

Cl-Fluore.ne
C2-Fluorene
C3-Fluorene
C4-Fluorene
C2-P/C2-A
C3-P/C3-A
Biph~nyl
C4-P/C4-A
Dibenz(a,h)anthracene
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Cl-D
C2-D
C3-D
C4-D
Benzo(g,h,i)perylene
Perylene
Indeno(l,2,3-<D)pyrene

TABLE 7:

(ug/l) OF SA'IURATE HYD~S IN
SURFACE MICOOIAYER OF CHESAPEAKE BAY, reroBER 1987

~CNS

Station:
2

3

7

8

0.0
o.o
o.o
o.o
o.o
a.o
o.o
o.o
0.0
o.o
o.o
a.a
0.9
0.1
2.1
o.o
a.8
o.o
0.0
o.o
a.o
a.o
a.o
o.o

0.0
o.o
o.o
0.0
0.0
o.o
o.o
o.o
0.3
0.2
a.7
a.3
1.9
0.2
4.5
0.3
2.4
o.o
0.2
o.o
a.a
a.o
a.a
o.o

0.2
0.4
0.5
o.o
1.2
1.1
2.3
5.5
9.8
11.8
1a.7
7.8
4.8
3.2
3.4
1.2
1.8
0.2
0.7
o.o
o.o
o.o
o.o
o.o

o.o
o.o
o.o
0.0
o.o
o.o
0.3
0.6
1.9
2.0
4.2
2.1
6.3
1.6
18.3
1.5
la.5
0.4
1. 7
o.o
o.o
a.o
o.o
o.o

o.o
o.o
0.0
o.o
0.1
a.3
0.4
0.4
0.2
o.o
o.o
0.3
0.5
0.2
1.1
0.5
0.9
o.o
0.2
0.6
o.o
a.o
o.o
o.o

0.0
o.o
o.o
o.o
o.o
o.o
o.o
o.o
o.o
0.0
1.8
o.o
0.9
a.o
o.o
a.o
2.9
o.o
o.a
o.o
a.1
0.3
0.2
0.8

o.o
o.o
o.o
o.o
a.a
a.o
o.o
o.o
0.1
0.0
0.4
0.4
1.0
o.o
1.1
o.o
0.7
o.o
o.o
o.o
o.o
o.o
o.o
o.o

o.o
o.o
o.o
o.o
a.o
o.o
o.o
o.o
o.o
0.0
a.a
o.o
o.o
o.o
o.o
o.o
o.o
o.o
o.o
o.a
o.a
a.o
o.o
o.o

Total
3.9 11.0 66.5 51.2
Mean for All Stations 24.0

5.8

7.a

3.8

o.o

Ccrnpound:

Heptadecane
Pristane
Octadecane
Phytane
Nonadecane
Eicosane
Henicosane
Docosane
Tricosane
Tetracosane
Pentacosane
Hexacosane
Heptacosane
Octacosane
Nonacosane
Triacontane
Hentriacontane
Dotriacontane
Tritriacontane
Tetratriacontane
CY!'P

Isopronoid 1380
Farnesane 1470
Isopronoid 1650

Station #
2
3
7
8
11

12a
12b

Location:
Point IDOkout

11 12A 12B Blank

Scanned but not detected:
Undecane
Tridecane
Dodecane
~..r Potanac
Baltim:>re Hamor Tetradecane Pentadecane
Susquehanna River Hexadecane
COOptank River
Matapeake
.Matapeake, Bulk.water
Decane
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(Long and Chapran, 1985). Cha:pnan and Long (1983) argued that for
accurate evaluation of sediment quality, at least three categories
of rreasurement rrust be evaluated. These are: (1) concentrations
of toxic chemicals, (2) toxicity of the environme.ntal samples
(bioassay), and (3) evidence of rrodified resident biota, particularly the infauna.

The same approach can be used for dP.tennining the ef f P.cts of
surface microlayer contamination on neustonic eggs and larvae.
Thus, accurate evaluation of surface waters may involvP. at lea~t
five categories of sampling, testing, and evaluation. These are:
1) collection of surface microlayer sarrples, 2) detennination of
concentrations of toxic chemicals, 3) collection and enumeration
of representative resident neuston speciP-s populations, 4)
toxicity tests (laboratory bioassays), and 5) toxicity to n~pr
esentative neustonic organisms (field bioassays) • Certainly all
five Ill2amrres are necessary to get an accurate picture of the
physical, biological an<l chemical parameters that contribute to
aquatic surface quality. At this stage, the toxicity evaluation
should involve both laboratory bioassays with standard organisms,
such as the sea urchin, and selected field bioassays, with
important resident organisms such as the bay anchovy or crab
larvae. To determine the toxicity of surfacP. Microlayer in
Chesapeake Bay a dual approach, consisting of both in-situ and
laboratory bioassays may be useful. In-situ studies simulate
natural conditions, but are often unable to detennine controlling
variables (e.g., terrperature and salinity). Organisms for field
bioassays are not always available which leads to unprodu('!t.iw~
field time. If no difference e.xists in the results of toxicity
tests using fresh versus frozen surface microlayer sarrples, the
samples could be collected throughout the year and tested on
seasonal spawning species when P.ggs are available. Nevertheless,
laboratory studies are needed because they allr:M better control
and provide a basis for accurate hypothesis testing. Both types
of bioassay are necessary.
Floating pelagic fish eggs are particularly suitable for
studies of aquatic surface toxicity. For P..xample, eggs of anchovy
(Hunter, 1981), sole (Hardy, 1987), and mackerel (Longwell, 1976,
1980) have been used successfully as sensitive indicators of
toxicity. The eggs of such pelagic !';J)awners are often distributed
in extremely patchy but dense concentrations. E.ggs are frequently
present in only 5% of the neuston net trawls, but when found, are
often in densities of 17 to 31 eggs/L. ·This is the equival1mt of
up to 46,000 eggs per 10 square mPters of water surface. These
patches originate fran intensive spawning activity and gradually
disperse (Hunter, 1981).
Two fish, in particular, are important ecosystem carponents
Neuston net tows at
the South Island of the Chesapeake Bay Bridge-Tunnel indicated
maximum egg densities in mid-June and mid~July for thP. hogchoker
(Trinectes maculatus) and the bay anchovy (Anchoa mitchilli} ,
(Birdsong, pers. carrn.). Blue crab (CallinectP.s sapidus) occurred
and produce f loatirq eggs in large nunbers.
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in high densities near the surface in mid-July to mid-August.
Also, the zoeal larvae of the blue crab concentrate at the surface
and can be cultured in the lahoratory. We reccrrm=>..nd the bay
anchovy and the blue crab larva as appropriate ~cies for
assessing surface microlayer toxicity in Chesapeake Bay. The
anchovy egg is a representative pelagic fish egg that contacts the
surface during an approximately four-day period during
developrent, is widespread and euryhaline, and can be collectf'rl in
large numbers during the surrmer usi'1g neuston net tows. Blue crab
larvae represent the reproductive stage of an important caTIT\P.rcial
shellfish resource. They are typical of crustacean neuston that
probably feed on the high densities of microorganisms at the water
surface (Zaitsev, 1971). Also, they can be cultured and used for
toxicity tests in the laboratory.
Our research in Puget Sound suggested that toxicity to
pelagic fish eggs and other organisms reffillte<l fran a ccmplP.z
mixture of contaminants, with no single canpound or group of
carpounds responsible for the overall toxicity (Har<ly et al.,
1988). We do not yet have toxicity rneasurerrents f0r Chesapeake
Bay microlayer. To obtain R relative rr:easure of toxicity one may
enter the data fran this sttrly into our rnicrolayer toxicity nx:rlel
(Hardy et al., 1988). The results of the cumulative i.npact
suggest surface contamination in Chesapeake Bay may be responsible
for a reduction in the survival of neuston, including the hatching
success of pelagic fish eggs. Predicted toxicity would be highest
at stations 3, 7 and 8. This estimate, based on a limited data
set, is uncertain, but is probably conservative because it doos
not take into account the possible effects of the organotin found
in our sarrples. A conprf>..hensive study, including si.r:ru.ltaneous
measurements of tnxicity and concentrations of contaminants,
should be conducted in Chesapeake Bay.
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Water Quality of the Chesapeake Bay Region
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INTRODUCTION
The Department of Defense (DoD) recently completed a
two-year study to determine the relative impact of its
activities on the water quality and living resources of the
Chesapeake Bay and its tributaries. This study, a major
DoD contribution to the 1984 Joint Resolution with the
Environmental Protection Agency (EPA) , also identified
existing DoD projects and programs that either protect Bay
resources or reduce the severity of adverse impacts, and
provided recommendations for potential restoration
activities.
A total of 66 DoD installations were evaluated,
representing all in the drainage basin with the potential
to impact the Bay's water quality by virtue of their size,
their proximity to the Bay, or the types of activities
which they perform. Included were 37 Navy, 22 Army, six
Air Force and one Defense Logistics Agency installation. A
wide range of activities having the potential to impact the
Bay's water quality were examined, among which were point
and nonpoint sources, storage and disposal of hazardous
materials, munitions production and testing, maintenance
operations, and ongoing environmental programs.
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PROJECT OVERVIEW
The study was divided into three phases. Phase I defined
the recent historical and present pollution potential of
all 66 installations. A preliminary screening procedure
was developed, identifying 37 installations with a
significant impact potential. A computerized data base
describing the water quality on and in the immediate
vicinity of each installation was also developed. Phase II
developed and tested a detailed assessment methodology on
six of the 37 installations to define more precisely the
character and extent of military activities on the Bay's
water quality. Phase III applied this methodology to the
remaining 31 installations identified in Phase I as needing
more detailed assessment, and summarized potential impacts
and program recommendations for each installation.
Regional and Bay wide impacts were also described.
SCREENING PROCEDURE
A two tiered screening procedure was designed to provide
two different perspectives of an installation's impact.
The first used on-site data to evaluate an installation's
potential to impact the Bay and its tributaries.
Twenty-four screening criteria, grouped in four categories
-- nonpoint sources (4 criteria), point sources (3),
hazardous materials (11) and environmental programs (6) -were used. Criteria selected were key military activities
with the highest potential to have a significant impact on
surface waters, and included all major potential pollutant
sources identified by the EPA Chesapeake Bay Program. This
procedure allowed for the pollution impact potential of
military activities to be compared on an installation by
installation basis.
The second tier used off-site data to develop a set of
seven vicinity screening criteria. These were used to
evaluate an installation's impact potential relative to its
surrounding environment; i.e. its proximity to significant
ecological resources and its relative impact on local
receiving waters
PHASE I
A preliminary screening of all 66 DoD installations under
evaluation was made during Phase I, which assigned each
installation to one of four study groups:
1. Significant water quality impact potential;
2. Poorly defined, but likely significant impact
potential;
3. Poorly defined, but likely insignificant impact
potential;
4. Insignificant impact potential.
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Thirty-seven installations were initially rated in Study
Group 1 (12) or Study Group 2 (25). These were addressed
in more detail in Phases II and III of the study. An
installation generally was assigned to study Group 1 if
observations indicated contamination of surf ace waters in
excess of water quality criteria or guidelines. A study
Group 2 installation demonstrated potential pollutant
sources with characteristics similar to those found in
Study Group 1. However, the lack of appropriate data to
verify the existence of pollutants in the receiving waters
adjacent to these installations precluded their assignment
to Study Group 1.
The remaining twenty-nine installations were rated :Ln Study
Group 3 (17) or Study Group 4 (12), and did not receive
further detailed study. This reflects the likely absence
of any significant pollutant sources at these
installations, or that they had significantly reduced or
eliminated practices that at one time created water quality
concerns. Nevertheless, recommendations for improvements
at these locations were idebtified during Phase III.
PHASE II
Phase II developed a detailed assessment methodology to
more clearly define the probable character and extent of an
installation's impact on water quality and living resources
in its immediate vicinity, its tributaries, and the Bay
proper. The methodology used available data to quantify
the impacts of contaminant sources such as conventional
pollutants, toxics, and turbidity. Phase II also evaluated
the methodology's effectiveness on the six installations
selected from the Phase I initial screening.
It should be noted that the assessment methodology is
highly dependent on the availability of data on contaminant
source characteristics and receiving water quality in the
vicinity of the installation. Where detailed information
was lacking, and a potential impact was probable,
recommendations were made to fill information gaps.
PHASE III
In Phase III, the refined installation assessment
methodology was applied to the remaining 31 installations
which were under expanded evaluation. A major goal of
applying this methodology was to more precisely define the
impact of installations initially placed in the two "poorly
defined" impact categories. (Study Groups 2 and 3)
A report summarizing DoD impacts by installation, Service,
geographic region and Bay-wide was produced.
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In addition, the Phase III report included recommendations
for all 66 installations, identifying practices or projects
that could be implemented at specific locations to improve
the water quality and living resources of the Bay. General
cost estimates and a qualitative description of expected
benefits were prepared for each major program
recommendation, to aid in developing an implementation
strategy for these actions.
FINAL SCREENING RESULTS
Results of the final screening placed 15 installations in
Study Group 1, 16 in Group 2, 21 in Group 3, and the
remaining 14 in Group 4. The relatively large number of
installations which remain in study Groups 2 and 3 reflects
the general lack of water quality data needed to establish
the existence or nonexistence of potential impact from
known pollutant sources on those installations.
GENERAL FINDINGS
Several major findings emerged from the study. DoD
installations, singly or in aggregate, do not appear to be
major contributors to far-field, long-term trends of
declining environmental integrity of the Bay system.
Nevertheless, DoD recognizes that more careful manangement
of all lands adjacent to the estuary is required to reverse
past declines in the Bay's quality.
In terms of conventional pollutants, it appears that
military installations contribute relatively insignificant
loadings of both point and nonpoint source pollutants to
the Bay and its tributaries. Significant reductions in DoD
pollutant sources have been achieved over the past several
years. With several exceptions, the region of influence of
military activities appears to be limited to the immediate
vicinity of each installation.
Areas of ongoing concern relate primarily to activities
that are difficult to control or regulate, such as
stormwater runoff and abandoned hazardous waste disposal
sites. In particular, the discharge of toxics from poorly
defined point and nonpoint sources is potentially the most
important issue related to preservation of water quality on
or near military installations in the Bay area. Certain
toxic constituents are of special concern due to their
tendency to adsorb to sediment and to accumulate in the
estuarine sediment bed. Although limited, preliminary data
on toxics contamination have become available at many
installations as part of the Defense Environmental
Restoration Program, results are generally inconclusive
with respect to assessing the need, if any, for specific
controls or cleanup of toxic pollutant sources.

GENERAL RECOMMENDATIONS
Long-Term Monitoring Needs
The study concluded that the control of toxics and
nutrients from poorly defined point and nonpoint sources is
the most important issue related to the preservation of
local receiving water quality near military installations.
But, there is a lack of data at many installations to
adequately quantify discharge characteristics, levels of
impact, and required controls on such discharges. For
these installations, a long-term monitoring program is
recommended for toxics in sewage or industrial waste
treatment plant effluent, toxics in intermittent storm
water drainage, and field monitoring for conventionals and
toxics in immediately adjacent receiving water and
sediments. Although not currently required at many sites,
recent experience suggests many NPDES permit requirements
will be upgraded to include monitoring for toxics.
Nonpoint Source Runoff Control
Evidence of nonpoint source contributions such as erosion,
sediment runoff, and stormwater discharges was found at a
number of military installations. While some have begun
actions to address these problems, their effectiveness in
controlling nonpoint source runoff is uncertain. A
systematic evaluation of nonpoint pollution sources would
provide the necessary information to develop comprehensive
action plans to reduce these problems.
Hazardous/Toxic Materials
Recommendations for hazardous waste management improvements
focus on the implementation of and strict adherence to
pertinent Resource Conservation and Recovery Act (RCRA)
regulations. Recurring problems include provision of
adequate conforming storage areas; prompt submittal of all
paperwork requirements, including permits and manifests;
and timely removal of materials from short-term storage.
Additional Recommendations
Other recommendations are less universal, focusing on
problem areas common to smaller numbers of installations.
Included are the proper operation and maintenance of
wastewater treatment plants, improved retention of
environmental personnel, increased participation by tenant
organizations in installation environmental programs, and
enhancing DoD's role in the Bay's restoration and
protection plan.

CURRENT DOD INITIATIVES
DoD is taking a number of steps to implement the
recommendations in this study, and to meet the commitments
made in the 1987 Chesapeake Bay Agreement. Particular
attention is being focused on four areas:
o Communicating study results both internally and to
the general public.
o Updating the Joint Resolution between DoD and EPA.
o Helping develop the Federal Facilities Plan and the
Coordinated Work Plan required by the 1987 Bay
Agreement.
o Inventorying public access opportunities.
Results of the study are being closely evaluated, and hard
decisions are being made as to where to allocate scarce
resources. Through efforts such as this detailed water
quality assessment, DoD will continue to work to help
restore the Bay and its resources.
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ABSTRACT

Collections were made during 1983, '84 and '85 in the Elizabeth River,
whose sediments are heavily contaminated with PAHs, heavy metals and
other anthropogenic materials. Comparison samples were from the
"cleaner" Nansemond River, another subestuary feeding into Hampton
Roads (the lower James River) nearby. Most samples from all stations
included three transient quasi-catadromous nektonic sciaenids, Atlantic
croaker (Micropogonias undulatus), spot (Leiostomus xanthurus) and
weakfish (Cynoscion regalis), and two endemic estuarine benthic fishes,
hogchoker (Trinectes maculatus) and oyster toadfish (Opsanus tau).
Processed gills of all species exhibited microscopic lesions of four
general types or categories; Ballooning Dilatations (BD) or lamellar
hyperemia; Hypertrophy (HPT) of filament and lamellar cells;
Hyperplasia (HPL) of filament and lamellar cells; and, Growth
Deformities (GD) of gi.11 arches, filaments and lamellae. Various
subtypes occurred within each category of lesion.
Occurring in individuals from both subestuaries, highest prevalences
and/or severities, most often both, were in samples from the Elizabeth.
Within the Elizabeth samples, occurrence and/or severity generally were
higher (usually highest) in those individuals from ER Station J, where
sediments are most heavily contaminated by PAHs, and ER Upriver. than at
the ER Downriver station. Differences in occurrence and/or severity of
lesions in the several species were also seen. Variations in exposure
to the sedimentary toxicants and susceptibility to toxic insult: are
most probable causes.

INTRODUCTION
The Elizabeth River, a subestuary of the James River (Fig. 1), is
heavily contaminated by industrial, domestic, urban, and agricultural
wastes. Sediments of certain sites carry especially heavy burdens of
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PAHs (up to 3900 ppm for example, Hargis et al. 1984). At others,
especially near shipbuilding and ship repair yards, heavy metals
abound. Numerous sewage and surface drainage outfalls make point
source contributions, and non-point source effluvia enter all along.
Because of the extensive lockage and the freshwater drainage (or water
supply) canal system of the Intracoastal Waterway at the upper, or
southern, end of the Elizabeth River, fishes migrating in from higher
salinity waters of the Chesapeake Bay and the adjacent Atlanti1: must
enter at its mouth downriver at the northern end, (see Fig. 1).
Therefore, oceanic or Bay migrants collected at ER Upriver had to have
entered from Hampton Roads at the River's mouth and passed through ER
Downriver and ER Sta. 7 and been exposed to the Elizabeth's waters,
suspended or emulsified materials, and surficial sediments along the
way.
To determine possible effects of contaminated sediments and sedimentexposed estuarine waters on health of feral fishes we have studied the
gross (ulcerations, externally-visible cataracts and fin rot; Hargis
and Colvocoresses 1986 and Huggett et al. 1987) and microscopk eye
pathology (Hargis and Zwerner, 1988) of several marine/estuarine and
estuarine-endemic finfishes collected from the Elizabeth and Nansemond
Rivers. This preliminary report deals with the histopathology and
features of the occurrence and severity of microscopic lesions in gill
materials from some of those collections.

MATERIALS AND METHODS
From 1983 to 1985 standardized trawl samples from a series of ~priver
downriver stations in the Elizabeth yielded over 70,000 individuals of
8 species. Comparison collections came from the nearby "cleaner"
Nansemond. All were examined grossly. Five species, the hogchoker
(Soleidae), the oyster toadfish (Batrachoididae) and the spot, Atlantic
croaker and weakfish (all of the family Sciaenidae), were selected for
histopathological examination because of their availability, presumed
different susceptibilities to toxic damage and ecological similarities
and differences.
Subsamples of individuals bearing externally-visible lesions (most from
the Elizabeth River as it turned out) were selected where available.
Animals were killed by severing the spinal column just behind the head,
necropsied and organs fixed in Dietrich's AFA and 10% NBF. Lesionbearing individuals were chosen to determine if externally-visible
lesions would be accompanied by internal ones and to increase the
chances of finding internal lesions. Tissues collected routinely
included areas of skin containing visible lesions, eyes, gills, livers,
kidneys and intestines. Paraffin-embedded materials sectioned at 5-6
µm and stained in H&E were examined microscopically. Lesions were
identified to subtype, enumerated, graded on a scale of increasing
severity ranging from 1 to 5, recorded and representative
microphotographs taken. Subtypes of lesions were grouped into
categories based upon their basic affinities.
Occurrence data were based upon presence or absence of a particular
lesion category in individuals. Mean severities presented were based
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upon simple addition of the severity determinations for each subtype of
lesion within each particular lesion category with the resultant sum
divided by the number of individuals recorded as exhibiting that lesion
category. In devising the rankings of percentage occurrence presented
below differences of several tenths of a percentage point (i.e. = to
or < 0.3%) were deemed lnsignificant and the data points in;olved to be
essentially equal (i.e.~): For the mean severity rankings several
hundredths (.!_.~· =to-or-< 0.03) was the criterion employed.
Microscopically-observed gill lesions were grouped into four primary
categories; 1) Ballooning Dilatation (BD) (of lamellae), 2)
hypertrophic responses (Hypertrophy - HPT), 3) hyperplastic growths
(Hyperplasia - HPL), and 4) growth aberrations involving significant
portions of filaments and/or arches, and lamellae collectively termed
Growth Deformities (GD). All categories had several subtypes of
lesions. Each subtype included sor lesions which presented somewhat
different appearances. Results on _.1e occurrence and severity of the
four types of general lesion categories are presented in Table I, Parts
A and B, by species and by station respectively. Appearance of a
normal gill is pictured in Figure 2.

RESULTS AND DISCUSSION
This report treats histologic lesions in the gill materials from five
species taken in the 1983, '84 and '85 collections. Details are as
follows:
Balloonlng Dilatation (BD) (Figs. 3 and 8), or abnormal collection of
blood in the lamellae (usually outside of the capillaries), called
telangiectasia by some fish pathologists, occurred in 214/241 (88.8%)
of all individuals and in all species. Ranked percentage occurrence of
BD by species was; Hogchoker, 52.0% < Toadfish, 80.6% < Spot, 92.6% <
Weakfish, 95.5% <Croaker, 98.3%: Ranked mean severity was; Toadfish,
1.40 < Hogchoker, 1.62 <Spot, 1.73 <Croaker, 1.98 <Weakfish, 2.17.
Even with this ubiquitous lesion a larger proportion of each of the
sciaenids had ballooning dilatations than the hogchoker and toadfish
and were more severely affected.

Of the 214 cases of BD, 22, or 10.3%, were from Nansemond fishes; 192,
or 89.7%, came from the Elizabeth River. Of the Nansemond fishes alone
BD occurred in 22 of 27 individuals, or 81.5%; Elizabeth's were 192 of
214, or 89.7%. Ballooning Dilatation occurred at all stations and its
percentage occurrence by station was closely grouped from 81.5% in the
"reference" Nansemond to 90.6% at the ER Upriver site. The percentage
occurrence ranking was Nansemond, 81.5% <ER Downriver, 89.0% <ER Sta.
7, 89.7% <ER Upriver, 90.6%. Ranked mean severity by station was;
Nansemond, 1.41 <ER Downriver, 1.75 <ER Upriver 2.04 ~ER Sta. 7,
2.05. Clearly BD, though found in fishes from all stations, occurred
least in the "cleaner" Nansemond, and most in the more polluted
Elizabeth: Likewise, severity was lowest in the Nansemond and highest
in the Elizabeth. Within the Elizabeth, percentage occurrence and mean
severity were lowest at ER Downriver and highest at the upstream
stations, ER Sta. 7 and ER Upriver. Occurrences and severities at ER
Sta. 7 and ER Upriver were quite close or equal, respectively.
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TABlE l
Qxurreoce

and Severity of Gill 18Jioos

b.r Species

aod by Station

[Syuix>ls: tb. •Total Individuals; Occ. - tb. with lesions (Q:currence); % o. = % Q:currence; XSev. = ~ Severity;
BD • Ball~ Dilatation, HPr • Hypertrophy, HPL = Hyperplasia, ro = Growth Mormities. Calculations of mean
severity involve only affected animtls, no negatives included.]
BD

~

Q:c.

%o.

x Sev.

Q:c.

% o.

X Sev.

Q:c.

% o.

X Sev.

<kc.

% o.

X Sev.

Weak.

67

64

95.5

2.11

36

53.7

1.79

so

74.6

3.33

14

20.9

l.07

Croak..

59

58

98.3

1.98

28

47.5

1.95

45

76.3

2.70

10

17.0

1.05

Spot

54

50

92.6

1.73

15

27.8

1.97

44

81.5

2.20

9

16. 7

0.89

Toadf.

36

29

00.6

l.liO

20

55.6

1.65

16

44.4

1.54

26

72.2

1.98

H:lgch.

25

13

52.0

1.62

17

68.0

2.35

10

40.0

2.80

l

4.0

1.00*

214

88.8

116

48. l
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68.5

60

24.9
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81.5
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9
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1.12

19

70.4

2.38

l

3.7

ER lbwn.

82

73

89.0

1.75
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1.79
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2.26
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1.87
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61
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<U

I'

60.3

3.Si
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-
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FIGURE 2
Weakfish, C. regalis, from Nansemond River
showing appearance of "normal" filaments and lamellae.
Dietrich's AFA fixative often causes lamellar
delamination (Arrows)!
Dietrich's, H&E, Ca. 1OOX

~·.

FIGURE 3
Weakfish, C. regalis, from ER Sta. 7 showing
ballooning dilatation (BO) (Arrows). Hyperplasia (HPL) of
the basal interlamellar type also present.
Dietrich's, H&E, Ca. 1OOX

Hypertrophy (HPT) (Fig. 4), abnormally enlarged cells of soft tissues
of the lamellae and filaments, occurred in 116/241 (48.1%) of all
individuals and in all species. Ranked percentage occurrence ()f HPT by
species was; Spot, 27.8% <Croaker, 47.5% <Weakfish, 53.7% < Toadfish,
55.6% < Hogchoker, 68.0%. Mean severity was; Toadfish, 1.65 <
Weakfish, 1.79 <Croaker, 1.95 ~Spot, 1.97 < Hogchoker, 2.35.
Hypertrophy occurred more frequently in the hogchoker than in the
toadfish and the sciaenids. Its severity was greatest in hogchoker as
well. Percentage occurrence in toadfish was greater than in the spot
and other sciaenids, while mean severity in toadfish was lower than in
all other species.

Of the 116 cases of HPT, 9, or 7.8%, were in Nansemond fishes while
107, or 92.2%, occurred in Elizabeth River fishes. Of the Nansemond
River fishes alone, 9 of 27, or 33.3%, were affected, while 10:7 of 214,
or 50.0%, of those from the Elizabeth had HPT. Hypertrophy occurred at
all stations and its percentage occurrence by station was; Nansemond,
33.3% <ER Downriver, 43.9% <ER Upriver, 50.0%, <ER Sta. 7, 57.4%:
Mean severity was; Nansemond, 1.12 <ER Downriver, 1.79 <ER Sta. 7,
1.91 < ER Upriver, 2.26. Though HPT occurred at all stations both
occurrence and severity were less in the Nansemond and at ER Dc>wnriver
than at the upstream stations, ER Sta. 7 and ER Upriver.
Hyperplasia (HPL) (Figs. 3, 5 and 6), abnormally large numbers of cells
of soft tissues of the lamellae and filaments, occurred in 165/241
(68.5%) of individuals collected and in all species.
Ranked
percentage occurrence of HPL by species was; Hogchoker, 40.0% <
Toadfish, 44.4% <Weakfish, 74.6% <Croaker, 76.3% <Spot, 81.5%: Mean
severity was; Toadfish, 1.54 <Spot. 2.20 -<Croaker, 2.70 < Hogchoker,
2.80 < Weakfish, 3.33.

Of all 165 HPL cases, 19, or 11.5%, were in Nansemond fishes, while
146, or 88.5%, came from the Elizabeth. Of the Nansemond River fishes
alone HPL occurred in 19 of 27 individuals, or 70.4%: In the Elizabeth
it was 146 of 214, or 68.2%. Hyperplastic lesions occurred at all
stations and their percentage occurrence by station was; ER Sta. 7,
60.3% < ER Upriver, 70.3% ~ Nansemond, 70.4% < ER Downriver 73.2%. ER
Upriver and Nansemond were essentially equal. That its occurr1ence was
lowest at heavily contaminated ER Sta. 7 instead of highest seems
anomalous. Mean severity by station was; ER Downriver, 2.26 <
Nansemond, 2.38 <ER Upriver, 2.50 < ER Sta. 7, 3.51. Severity indices
of ER Downriver and Nansemond were close: ER Upriver was somewhat
higher than Nansemond and ER Downriver, while ER Sta. 7 was
considerably higher. Thus, the anomaly of a lower percentage
occurrence at heavily-contaminated ER Sta. 7 was balanced somewhat by
the far greater severity of HPL at that station.
Growth Deformity (GD) (Figs. 7, 8 and 9), which can appear as branched
lamellae, deformed or forked filaments or deformed arches, with one or
more in the same gill, occurred in 60/241 (24.9%) of all individuals
collected and in all species. In some cases of deformed arches
filament forking occurred very close to the arches, themselves. A
majority of gill filaments affected by GD were well-formed otherwise
and appeared functional. Percentage occurrence by species was;
Hogchoker, 4.0% <Spot, 16.7% ~Croaker, 17.0% <Weakfish, 20.9% <
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FIGURE 4
Oyster Toadfish, 0. tau, from ER Upriver
showing hypertrophy (HPT) of lamellae.
Fixation delamination (Arrows).
Dietrich's, H&E, Ca. 500X

FIGURE 5
Weakfish, C. regalis, from ER Upriver showing the
peculiar "medusa-shaped" interlamellar hyperplastic
(HPL) lesion frequently seen in this species.
Fixation delamination (Arrows).
Dietrich's, H&E, Ca. 300X
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FIGURE 6
Croaker, M. undulatus, showing hyperplasia (HPL) with
spongiosis. Note marked overgrowth of lamellae and
filaments and interlamellar hyperplastic growth (fusion).
See also "bridges" between filaments in lesion (Arrows).
Dietrich's, H&E, Ca. 225X

FIGURE 7
Toadfish, 0. tau, from ER Sta. 7 showing gnarled
growths on a filament exhibiting growth deformity (GD).
Note cartilaginous deformities (Arrows).
Dietrich's, H&E, Ca. 1OOX

'

FIGURE 8
Weakfish, C. regalis, showing the growth
deformity (GD) forked or branched filament.
A ballooning dilatation (BO) also appears.
Dietrich's, H&E, Ca. 125X

FIGURE 9
Croaker, M. undulatus, from ER Upriver
showing growth deformity (GD) at bases of
several adjacent filaments.
Dietrich's, H&E, Ca. 1OOX

Toadfish, 72.2%: Mean severity was; Spot, 0.89 < Croaker, 1.05 ~
Weakfish, 1.07 < Toadfish, 1.98. (Hogchoker is not included in the
mean severity ranking because only a single individual was involved and
no average was possible). Toadfish had larger numbers and more severe
GD than all other species. Within the sciaenids, weakfish had more and
more severe GD lesions than the other two species. Croaker GD, though
essentially equal in occurrence to that in spot, was somewhat greater
in severity. All sciaenids were fairly close in occurrence and
severity of this lesion.
Of the 60 cases of GD the Nansemond had 1, or 1.7%, while the Elizabeth
had 59, or 28.3%. Of the Nansemond River fishes alone only l of 27, or
3.7%, had GD, while 59 of 214 of the Elizabeth River fishes, or 27.6%,
were affected. Percentage occurrence of GD by station was; Nansemond,
3.7% <ER Downriver, 20.7% <ER Upriver, 28.1% <ER Sta. 7, 35.3%.
Mean severity by station was; ER Upriver, 1.06 < ER Sta. 7, 1.42 < ER
Downriver, 1.87. [As indicated, only 1 fish in the Nansemond was
affected by a subtype of this ·1esion category. It was rated 1.0 in
severity. Because 1) it was the only Nansemond individual with GD and
2) only the "soft" lamellae, as opposed to the cartilaginous or bony
elements of the filaments and arches of most other cases, were involved
it is accorded little weight in these comparisons.] Essentially,
Nansemond exhibited no GD lesions which were comparable to those in
most Elizabeth fishes. Within the Elizabeth, occurrence was lowest at
ER Downriver and highest at ER Sta. 7. That mean severity was higher
at ER Downriver (1.87) than at ER Sta. 7 (1.42) and ER Upriver (1.06)
was due to the fact that a single affected individual at ER Downriver
showed a uniquely high mean severity datum of 8.0 making the calculated
mean very high in comparison with the mean severities of GD observed at
other stations.
DISCUSSION AND CONCLUSIONS
1.

Microscopic studies of gills from 241 individuals of 5 species of
fishes revealed lesions of 4 categories; Ballooning Dilatation,
Hypertrophy, Hyperplasia and Growth Deformities. All species were
affected. The first three histologic gill lesions (BO, HPT and
HPL) occurred in both subestuaries, the highly-contaminated
Elizabeth River and the "cleaner" Nansemond. The single GD seen in
the Nansemond River involved the soft lamellae alone while most
others of this lesion category involved the bony or cartilagenous
support elements of filaments and/or arches. Consequently, the
Nansemond fishes could be considered essentially GD-free. There
were differences in occurrence and severity of all four lesions
(BO, HPT, HPL and GD) between rivers, stations of the Elizabeth and
species also, apparently reflecting the geographical variations in
levels of chronic toxicity of sediment-borne contaminants. These
differences also reflect variations in time and nature of exposure
to the toxicants and susceptibility of the fishes to toxic insult
by biologically active contaminants. Ballooning dilatation. (BO),
the most ubiquitous lesion probably was brought about by handling
in the most severe cases, as well as by toxic stress. HPT, HPL and
GD are all clearly related to chronic toxicity and, perhaps, other
long-term environmental stressors and n·ot to handling.
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2.

Though exceptions (explainable) occurred, several general patterns
emerged:
a.

Ballooning dilatations (BO) were the most numerous of the four
lesions: Growth Deformities (GD) were the least. The ranked
sequence of mean occurrence of lesion categories was GD, 24.9%
< HPT 48.1% < HPL, 68.5% < BD, 88.8% (Table I, Part A).

b.

A lower percentage of lesions of all types occurred in the
Nansemond than the Elizabeth (Table I, Part B). Severity was
lower in the Nansemond River fishes as well. Undoubtedly, this
reflects the more polluted condition of the sediments and
waters of the Elizabeth and, probably, the greater toxicity of
the contaminants involved as well. At ER Sta. 7 PAHs related
to creosote and other petroleum hydrocarbons predominate and
are most likely candidates as primary contributors to
occurrence and severities of the microscopic gill lesions seen
in our collections, especially those taken at the two upstream
stations, ER Sta. 7 and ER Upriver.
Within the Elizabeth there were fewer and less severe gill
lesions at the ER Downriver station, with the single exception
of GD. Usually, lesions were highest at the upstream
locations, ER Sta. 7 where sediments are most heavily
contaminated by PAH's, among other pollutants, or ER Upriver.
Between ER Sta. 7 and ER Upriver occurrence and severity of BO
were essentially equal: Occurrence and severity of GD was
greater at ER Sta. 7 than at E.R. Upriver. With HPT and HPL
the relative position of one or the other of these lesions at
the same two upstream stations was reversed. Significance of
these last findings is not clear at this point.
Basically the patterns of general occurrence of microscopic
lesions of gills agreed with those of earlier studies which
employed the occurrence of gross lesions as a basis for
analysis of the possible effects of contaminated sediments on
the health of finfishes in the Elizabeth River, between
stations in the Elizabeth and between the Elizabeth and
Nansemond Rivers (Hargis and Colvocoresses 1986 and Huggett et
al. 1987). Gross lesions were virtually non-existent in the
Nansemond samples. Within the Elizabeth, where the largest
number of both gross and microscopic gill lesions occurred,
fewer were downstream than upstream generally. Both were
usually more prevalent (occurrence) or severe at ER. Sta. 7
and/or ER Upriver, the upstream stations.

c.

Of the S species of finfishes studied, the most "resistant" to
toxic effects from contaminants in the Elizabeth (and
Nansemond) in terms of occurrence and/or severity of
microscopic lesions of the gills were the more-or-less endemic
bottom-dwelling hogchoker and toadfish, usually in that order
(Table I, Part A). Generally the least resistant were the more
pelagic, ocean-spawning, migratory sciaenids. One exception
was Hypertrophy (HPT), with the hogchoker highest in occurrence
at 68.0% and the toadfish second at 55.6%. Comparative mean
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severity of HPT was also highest in the hogchoker (2.35) but
lowest in the toadfish (1.65). HPT may require close and
frequent contact with the source of toxicants, the sediments,
for its initiation and/or continuance. This condition would be
met by hogchokers and toadfish since they live nearest the
bottom and are in closest and most frequent contact with the
sediments and with those waters affected most by sedimentassociated toxicants. The soleid flatfish, hogchoker, usually
is found on or in the bottom sediments. That HPL was more
severe though not more prevalent in hogchoker than in all other
species except the weakfish is probably related to the longterm and regular close contact with bottom sediments and bottom
water of this benthic fish.
The other exception was Growth Deformity (GD) in which
toadfish was highest by far in both percentage occurrence
(72.2%) and mean severity (1.98). Since initiation of most
gill GD must occur early in the development of the organ
systems involved and toadfish are the single species of those
studied here whose eggs, larvae and, probably, early juveniles
develop closest to the bottom, it is not surprising they were
most severely affected. Indeed, it would have been surprising
had they not been.
d.

Of the three sciaenids, weakfish generally were highest in
occurrence and/or severity of lesions, while spot were least.
Where reversals in either were observed (Table 1, Part A) as in
HPT, spot and croaker (and in that order) were more affected
than weakfish. This probably reflects their more intimate
contact with the source of the toxicant, the contaminated
sediments, during feeding. The greater occurrence of HPT in
these two species agrees with the likelihood that a closer
association with contaminated sediments is involved with this
lesion as discussed above when considering its occurrence and
severity in the bottom-dwelling hogchoker and toadfish.
Generally, our histopathological findings confirm
shipboard and laboratory experiences that hogchoker and
toadfish are most resistant to trauma or ecological insult,
with spot, croaker and weakfish increasingly susceptible and in
that order. Weakfish, the predator operating at the highest
trophic levels of the three sciaenids, seems generally the most
susceptible of all five species studied to toxic stress in
relation to likelihood of direct exposure to the contaminated
sediments and closely-associated benthic waters.
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Abstract only

Chemical and Biological Analysis of the Effluents from Oil
and Water Separators in Commercial Shipyards
Charley W. Banks
Virginia Water Control Board
2111 N. Hamilton Street
Richmond, Virginia 23230

Bilge waters, fuel tanks washings, waste oils, etc., are pumped into a
shipyard's oil/water separator prior to areas of a ship being certified as
gas-free for repairs or modifications. Frequently, these oil/water separators
are simple, baffled tanks that rely on quiescence to effect a gravity
separation of the oily material and the water. This sort of system provides
inadequate treatment of water containing refined petroleum products, or of an
oil-water mix that may contain surfactants. The Virginia Water Control Board
conducted a study in October - December, 1987 of the effluents from the
oil/water separators at three commercial shipyards on the Elizabeth River, in
Norfolk, Virginia. The chemical characteristics of the effluents were
addressed, along with their acute and chronic toxicities to the sheepshead
minnow, Cyorinodon yariegatus, and the mysid shrimp, Mysidoosis bahia. The
48-hour acute tests generated LC50s as low as 0.6%, and the 7-day chronic
tests generated NOECs (No Observed Effect Concentration) as low as 0.01%. The
toxicity of these effluents can be attributed to priority pollutant metals and
volatile and extractable organic compounds, since many of these exceeded water
quality criteria. This investigation demonstrates the inadequacy of oil/water
separators for the treatment of this wastewater, and the importance of
coordinating chemical and biological analyses to characterize potential water
quality impacts from effluents.
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Understanding th£ Estuary: Advances in Chesapeake
Bay Research. Proceedings of a Conference. 29-31
March 1988. Baltimore, Maryland. Chesapeake Research
Consortium Publication 129. CBPITRS 24188.

Abstract only

Acidic Conditions in Maryland Coastal Plain Streams:
Impacts on Anadromous Fish

Potential

A. Janicki, c; Knapp, and H. Greening
International Science & Technology, Inc.
11260 Roger Bacon Drive, Suite 201
Reston, Virginia 22090
R. Klauda
The Johns Hopkins University
Applied Physics Laboratory
Shady Side, Maryland 20764

During the spring of 1987, a synoptic survey of headwater streams in
Maryland estimated that more than one-half of the streams (2600 km) in
Maryland's Coastal Plain are sensitive to acidification (i.e., have acid
neutralizing capacities ~ 200 µe/qL) . Nearly one-quarter of these streams
(1137 km) are acidic (i.e., have pH~ 6.0). Recent research has shown that
streams in the Coastal Plain of Maryland also exhibit acidic pulses during
precipitation events and that these conditions may affect the survival of
early life stages of anadromous fish.
Laboratory studies demonstrated that the early life stages of blueback
herring and American shad are very sensitive to moderate acidity and increased
concentrations of inorganic aluminum. These anadromous alosid species are
among the most sensitive yet studied. Fertilized alosid eggs were generally
less sensitive to pH and aluminum than pre-feeding larvae. Blueback herring
and American shad larvae tolerated pH 6.5, but succumbed to pH 5.7 and 6.2.
The toxicity to pH to larvae was increased by simultaneous exposure to total
monomeric aluminum concentrations as low as 100 µg/L for blueback herring and
15 µg/L for American shad.
A direct link between surface water acidification and mortality of
alosid early life stages has not yet been convincingly established in
Maryland's Coastal Plain streams. Although in-situ bioassays using blueback
herring and American shad early life stages have been conducted in Lyons Creek
since 1984, abnormally dry springs during this period have produced few acidic
episodes in this stream that approached acutely toxic conditions. Hence,
field confirmation of laboratory-derived toxicity predictions is lacking for
blueback herring and American shad.
In another study, the addition of calcium carbonate has been shown to
mitigate acidic pulses during precipitation events in two Maryland Coastal
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Plain streams.
In-situ bioassays in these streams suggests that yellow perch
egg hatchability is improved in those portions of the streams where acidic
conditions have been ameliorated.
The adverse impact of acidification on the reproductive success of
anadromous alosids and other fish species in Chesapeake Bay will likely vary
among years, among streams, and among species.
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Undustanding the Estuary: Advances in Chesapeake
Bay Research. Proceedings ofa Conference. 29-31
March 1988. Baltimore, Maryland. Chesapeake Research
Consortium Publication 129. CBPffRS 24188.

Sediment Toxicity Testing in the Chesapeake Bay
Harriette L. Phelps

University of the District of Columbia
Biology Department
4200 Connecticut Avenue, NW
Washington, DC 20008
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The process of formation of estuarine sediments tends to
sorb and concentrate water-born pollutants.

Concentrations of

pollutants in estuarine sediments can become very large (Tsai,
e.a. 1979).

However, conventional chemical measurements of

sediment-sorbed pollutants may not indicate their bioavailability
or effects on growth, reproduction and behavior of infauna!
benthic organisms.

Ways to determine relationships between

estuarine sediment pollution and effects on estuarine! biota are
undergoing evaluation.
Chapman, e.a.

(1987, in press) has developed and tested the

concept of a Sediment Quality Triad to assess pollution-induced
degredation.

This approach combines measurements of sediment

chemical contamination, sediment toxicity through bioassays, and
benthic infauna! community structure.

The bioassays used by

Chapman include burrowing behavior of a clam (Macoma
balthica), a a 48-hour mussel larva development test with
sediment elutriate, a 10-day amphipod survival test with a West
coast amphipod, and a 4 week copepod reproduction bioassay with a
West coast species.

Chapman reported the mussel larva and

amphipod bioassays gave the best correlation with infauna!
diversity, and he was able to make some general correlations with
measurements of chemical sediment contaminants.
Adapting the Sediment Quality Triad concept for the
Chesapeake Bay requires the development of new bioassays with
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East coast and euryhaline species.

Tsai, e.a.

(1979) described

sediment toxicity testing for Baltimore harbor sediments using
sediment suspensions with the mummichug (Fundulus
heteroclitus), the spot, and the soft-shell clam (Mya
arenaria).

Tsai reported good negative correlation of sediment

toxicity with benthic infaunal diversity, but the suspended
sediment bioassay caused difficulty with all but the mummichug
bioassay.

The present paper describes the development and field

testing of a burrowing bioassay for sediments with the soft-shell
clam (Phelps, 1985, 1987) and a 96-hour sediment toxicity test
with the euryhaline oyster larva, Crassostrea gigas that uses
solid sediments (Phelps and Warner, 1988).
CLAM BURROWING BIOASSAY
A clam burrowing bioassay with M. arenaria was developed
in the laboratory (Phelps, 1985). The bioassay was conducted by
placing 20 clams on a one-liter sediment sample in a 5 inch
square plastic box with 5 cm of test water, noting the number of
clams completely burrowed at increasing intervals, and
calculating the estimated time for 50% of clams to burrow (ET50)
by Logit analysis (Phelps, e.a. 1985).

Up to five sediment

samples could be tested simultaneously with a control.

The

bioassay organisms were young M. arenaria one to two
centimeters in length, obtained from Dr. Mike Castagna, Virginia
Institute of Marine Science, and stored in sediment at 13 ppt
salinity and 10 deg.

c.

up to three months before use.

Experiments showed the clams should be warmed to room temperature
for at least six hours before the bioassay.
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Clams that had been

used in bioassays causing burrowing inhibition were considered
possibly impaired and not used in subsequent bioassays.
For the field testing of the bioassay, sediment samples were
collected on the EPA OSV Antelope cruise 5/17-23 1985 (EPA 1985a,
1985b) starting from Annapolis, MD, collecting down the
Chesapeake Bay, at ocean sites, up the Delaware Bay, through the
Delaware Ship Canal and back to Annapolis, MD.

At the beginning

of the EPA cruise the clam burrowing bioassay was tested on
sediment samples with water from the sampling sites and controls
were similar to laboratory bioassays.

However, with samples from

higher salinities the control burrowing time increased
significantly (Table 1).

As the cause of the increased burrowing

time was unknown, the sediment burrowing assays were postponed
until they could be run under controlled laboratory conditions.
The sediment samples collected during the cruise were stored at 4
- 10 deg.

c.
Table 1
Bioassay Control Burrowing Speeds
Date

Salinity

(Ship)

(ppt)

5/18
15
5/19
28
5/20
34
5/22
32
(Laboratory)
5/26
13
5/27
13
5/27
13
6/4
14
6/18
14

ET 5 0
(hrs.
0.89
o. 76
2 • 15
1.85

(95% F •L• )

0.76
0.51
0.89
0.24
0.09

(.58-112.)
(.44-.59)
(.65-1.23)
(.19-.32)
(.06-.14)

)
(.67-.84)
( .62-.93)
( 1. 6- 3 • 0)
(1.2-2.9)

Underlined ET50 values significantly
different from controls.
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Inunediately upon return, 5/24-27, two experiments on the
effects of sediment and test water salinity on clam burrowing
speed were conducted at the Chesapeake Biological Laboratory
(CBL):
Experiment 1: Sediments at different salinities, clams and
test water at one salinity.

The test water and the clams were at

the ambient salinity of the Chesapeake Biological Laboratory, 14
ppt.

Sediments were adjusted to 3, 8, 13, 28 and 32 ppt. To

adjust sediment salinity, CBL control (sandy) sediment was rinsed
three times at a 10:1 sediment:water ratio using dilutions of
artificial sea water (Instant Ocean).

Standing water was poured

off the sediment and test water carefully layered over the
sediment before adding the clams for the burrowing assay.

The

results clearly showed that changes in sediment salinity for the
most part did not affect burrowing speed as long as the clams had
been held at the salinity of the overlying water (Table 2).
Table 2
Effect of sediment salinity on burrowing speed
Water salinity: 14 ppt
Clam acclimation: 14 ppt
Sediment Salinity (ppt)
8
14

Burrowing
Speed

3

ETSO (hrs.)
(95% F.L.)

.45
.30
(.37-.55) (.23-.38)

28

32

.so

.66
1.05
(.43-.57) (.53-.80) (.87-1.25)

Underlined ETSO value significantly different from control
Experiment 2: Sediment at one salinity, clams acclimated for
various times to test water of different salinities.
sediment was CBL control (sandy) at 13 ppt.
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The

Clams were

acclimated in artificial test water (Instant Ocean) at 3, 8, 13,
18, 22 and 32 ppt. and tested after 6, 12, 24, 30 and 48 hours
acclimation. Clam burrowing speed was significantly slowed by
exposure to test water salinity different from acclimation
salinity up to a 48 hour acclimation period (Table 3).

Test

water salinity lower than acclimation salinity caused the
greatest burrowing inhibition.

Table 3
Sediment salinity constant at 13 ppt:
Clams acclimated and tested at differing water salinities.

----------------------------------------------------------------Accl. ET50 (95% F. L.) (hrs. )
Time
Water and Clam Salinity (ppt)
(hrs. ) 3
13 (control )18
8
6
12
18
30
48

II
II
II
II
II

37
(.45-3037)
20
(.28-1380)
6
(3.0-11.2)
11
TI.4-31. >
2.5
{2.0-3.2)

0.5
( .43-.57)
0.6
(.53-.69)
0.8
( .63-1.08)
1.1
( . 8 6-1 . 5)
0.97
(.71-1.3)

0.71
(.58-.87)
1.10
{:90-1. 34)
1. 8
Tl.2-2.9)
2.9
lf.1-4.0)
5.4
(0.0-30)

22

32

1. 07
( • 8 3-1. 38)
0.81
(.67-.90)
2.0
0.2-3.1)
1. 9
0.4-2.6)
3.2
T'2:°1-5.2)

26
TI.9-141.,
2.7
lf.o-3.7)
2.4
0.8-3.1)

----------------------------------------------------------------II no burrowing observed
Underlined ET50 values are significantly different from controls

As a result of the laboratory experiments, all the sediments
were immediately tested under laboratory conditions (5/25-27)
with test water and clams at the control salinity, 13 ppt.
Eleven out of 39 sediments (28%) showed significant inhibition of
clam burrowing speed.
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Table 4
Sediment Samples: Clam.Burrowing Speeds (hrs)

----------------------------------------------------------Station EPA
Salinity ET50 ship
ET50 laboratory
(ppt)
(95% F.L.)
.
No.
(Chesapeake Bay Samples)
4.lW
008
13
1.8 (1.4-2.3)
4.3E
009
18
4.3C
010
16
4.3W
011
13
5.lc
012
18
5.lW
013
16
5.3E
014
17
5.3C
015
20
5.3W
016
17
6.3C
017
26
0.95 (.69-1.3)
7.2
018
28
7.2E
019
26
0.49 (.39-.63)
7.4N
020
33 {est.)
7.4
021
33
0.43 (.33-.55)
LB5
023
32
LB6
024
32
4.7 (3.2-6.8)
(Ocean Samples)
A010
33
NBl
025
34
0.72 (.57-.91)
DN2
32
0.46 (.38-.55)
206
32
0.75 (.55-1.06)
(Delaware Bay Samples)
DB2E
026
30
0. 49 ( • 40-. 60)
DB2C
027
30
1.5 (1.2-2.3)
DB2W
028
29
0.85 (.71-1.0)
DB3E
029
23
0.82 (.63-1.0)
24
DB3C
030
0.51 (.42-.63)
DB3W
031
27
0.84 (.69-1.0)
DB4E
16
DB4W
17
DB5E
9
DB5C
9
DB5W
7
2
DB6E
2
DB6W
(Mid-Chesapeake Bay Samples)
MCB2.l
l
MCB2.2
3
MCB3.2C
19
13
MCB3. 2W
MCB3. 3E
MCB3. 3C

(95% F.L)
1.1 { .84-1.4)
0.71 (.53-.94)
1.26 (.76-2.1)
0.65 (.55-.76)
0.66 (.56-.76)
0.39 (.34-.46)
0.86 (.71-1.04)
0.61 (.51-.74)
0.84 (.71-1.0)
3.0 (2.5-3.5)
0.60 (.47-1.3)
1.13 (.85-1.51)
0.64 (.53-.78)
0.43 (.33-.55)
0.96 (.81-1.1)
7.4 (5.4-10.0)
0.41 (.34-.50)
0.95 (.85-1.12)
0. 7 8 ( • 6 5-. 9 2)
1. 2 ( 1 . 0-1. 5)
0.65 (.59-.76)
0.96 (.76-1.2}
0.53 (.41-.69)
0.60 (.46-.81)
0.78 (.69-.88)
1. 4 ( 1. 2-1. 7 )
1.2 (1.2-1.4)
1.1 (.84-1.6)
1.4 (1.2-1.8)
0.80 (.66-.97)
3.5 (2.5-5.0)
2.1 (1.7-2.6)
5.6 (4.2-7.4)
2.5 (1.9-3.3)
1.2 (.035-1.47)
0.43 (.36-.51)
0.59 (.50-.70)
0.20 (.10-.38)
0.24 ( .19-.32)

Underlined values are significantly different from controls
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EPA sediment analysis was available for four of the eleven
samples causing burrowing inhibition (EPA 1985c) (Table 5).
Table 5
Chemical and Physical Analysis of Sediment Samples

-----------------------------------------------------------------Station EPA ET50
%
Cd
Cr
Cu
Pb
Ni
Zn
No.
(95% F.L.)
(Chesapeake Bay Samples)
4.lw
000
1.1 (.84-1.4)
4.3E
009
0.71 (.53-.94)
4.3C
010
1.26 (.76-2.1)
4.3W
011
0.65 (.55-.76)
5.lc
012
o.66 (.56-.76)
5.lW
013
0.39 (.34-.46)
5.3E
014
0.86 (.71-1.04)
5.3C
015
0.61 (.51-.74)
5.3W
016
0.84 (.71-1.0)
6.3C
017
3.0 (2.5-3.5)
7.2
018
0.60 (.47-1.3)
7.2E
019
1.13 (.85-1.51)
7.4N
020
0.64 (.53-.78)
7.4
021
0.43 (.33-.55)
LB5
023
0.96 (.81-1.1)
LB6
024
7.4 (5.4-10.0)
(Ocean Samples)
NBl
025
0.95 (.85-1.12)
(Delaware Bay Samples)
DB2E
026
0.65 (.59-.76)
DB2C
027
0.96 (.76-1.2)
DB2W
028
0.53 (.41-.69)
DB3E
029
0.60 (.46-.81)
DB3C
030
0.78 (.69-.88)
DB3W
031
1.4 (l.2-1.7)

Solids ppm
3.7
43.9
23.6
62.7
64.1
53.0
85.1
26.2
33.3
62.5
73.2
81.2
84.4
83.5
56.2
32.7

ppm

ppm

ppm

ppm

ppm

54
4 85
4.4 20
8.5 52
3.2 32
3.1 42
3.8 15
2.4
2
7.6 49
6.0 36
3.2 26
2.7 11
2.5
7
2.4
6
2.4
5
3.6 24
6.1 49

3 62

540
11
41
18
28
15

460
15
39
35
36
10

2840
85
164
106
134
62

14
34
13
26
11
2
27
25
11
3
2
2

2
13

3

7

5

27
25
14

31
32
20

4

8
7
7
44

148
107
65
37
31
19
22
63
163

3
3
4

22

12
28

12
23

93

2.1

2

2

3

6

4

84.4
83.8
86.7
79.6
81.3
84.5

2.4
2.4
2.3
2.5
2.5
2.4

9
9
5
8
6
8

2
3
2
4
2
2

6
6
3
8
6

10
10

31
43
15
40
35
44

6

6
7
7
8

Underlined ET50 values are significantly different from controls
It was apparent there was no correlation of burrowing speed
inhibition with any of the sediment chemical or physical
constituents analyzed by EPA. The lack of correlation of
burrowing speed inhibition with the conventionally measured
chemical and physical characteristics of the sediment was
consistent with results from artificial contamination of marine
sediment with copper (Phelps, e.a., 1985) which found clam
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burrowing inhibition was related only to changes in sediment pore
water chemistry.

Other investigators have reported estuarine

biota are sensitive only to ionic and unsorbed chemical species
(Sunda and Guillard, 1976).

If future studies hope to relate

sediment chemical analysis to effects on living organisms,
sediment pore water chemical analysis will be necessary.
Four of the eleven sediments causing inhibition of
burrowing speed were retested with the bioassay over a three day
period (Table 6).

There was enough of one sample (LB6) to use

previously untested material on the third day.
Table 6
Burrowing Speed Laboratory Retests
Sediment
Sample
LB6

Test
Date
5/25
5/27
5/27

ET50
( 95% F.L.)
7.4 (5.4-10.0)
0.80 (.70-.92)
1. 20 ( .93-1.55)

DB6E

5/26
5/27
5/28

2.1 (1.7-2.6)
1. 6 (1.2-2.0)
0.17 (.13-.22)

DB6W

5/26
5/27
5/28

5.6 {4.2-7.4)
5.5 (3.3-9.1)
0.24 (.17-.35)

6.3C

5/27
( 9AM)
5/27
(7PM)

3.0 (2.S-3.5)

(fresh)

1.1 { • 8 3-1 • 4)

-------------------------------------Underlined values significantly greater
than simultaneous controls
All of the retested sediment samples showed loss of the
burrowing inhibition by the third day.

The loss of burrowing

inhibition by sediments within three days following the cruise is
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consistent with laboratory studies on copper-spiked sediment
showing a sharp decrease in burrowing inhibition within three
days associated with loss of sediment pore water copper (Phelps,
e.a. 1985).
Sediment toxicity was tested by adding 20 clams to two
sediments that had shown inhibition of burrowing, MCB3.3C and
MCB3.3E, and a control sediment, and holding on the flowing water
sea table for two weeks (6/4 - 6/18).

One test sediment

(MCB3.3E) had a 10% loss (2 clams), and the survivinq clams
showed no debility in burrowing speed.

This failure of aged

(several day old) sediments to cause long-term mortality was
consistent with previous laboratory studies showing sediments
were only toxic to clams when they caused burrowing inhibition,
i.e. had toxic pore water (Phelps, e.a. 1985).
These post-cruise studies showed that the sediment samples
rapidly lost the ability to inhibit burrowing so probably lost
pore water toxicity as well.

It is now apparent lonsr-term

mortality studies must be started at the time of sediment
collection.

It would be useful to repeat and extend this

burrowing bioassay study to include such toxicity testing.
In general, the shipboard clam burrowing bioassay for
estuarine sediments had controls similar to laboratory tests and
was not significantly affected by any test conditions except
changes in salinity of the test water.

The test clams could be

held aboard ship at 10 deg. C if placed at room temperature for
six hours before the bioassay. Therefore the burrowing bioassay
could be applied to fresh estuarine sediment samples on shipboard
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as long as the clams and the overlying test water were at the
same salinity.

The shipboard testing of the clam burrowing

sediment bioassay confirmed the importance of conducting the
bioassay within a day or two of collecting the sediment.

Perhaps

the generally negative results for the clam burrowing bioassay
reported by Chapman, e.a. (1987) were due to the up to one week
storage of sediments before testing.
OYSTER LARVA SEDIMENT BIOASSAY
A 96-hour estuarine sediment bioassay was explored using
mortality and metamorphosis of Crassostrea gigas larvae.
The eyed pediveliger larvae are readily available almost year
round from a West Coast oyster hatchery.

The larvae were

pretreated for 20 hours with epinephrine to induce settlement
(Coon, e.a. 1986). Larval batches varied in competency.
For the bioassay, one ml of sediment pressed through a 149 u
Nytex screen was placed in a 2.75 ml well of a 24-well Falcon
tissue-culture plate.

One ml water was layered on top and 20 -

40 larvae placed on the sediment-water interface.

After four

days at room temperature the well contents were filtered through
149 u Nytex mesh and the retained larvae examined for mortality
and metamorphosis.

Staining with neutral red improved live-dead

determination {Crippen and Perrier, 1974).

c. gigas larvae showed good survival from 8 - 34 ppt
salinity with average control seawater mortality of 3% and
control sediment mortality of 7%. There was no metamorphosis
below 23.5 ppt. salinity.

Copper-spiked sediment as a negative

control caused increased mortality and inhibited all
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metamorphosis.

Baltimore Harbor sediment caused 100% mortality.

Stored control sediment (17 ppt) showed increasing toxicity
to larvae and lowered pH after two months at 4 deg. C or O deg.
(frozen).

Fresh Baltimore Harbor sediment lost toxicity when

stored for one week at four deg. C or frozen, as did stored
copper-spiked sediment.

It is recommended that bioassays be

carried out with fresh sediment.

One bioassay with native

Crassostrea virginica larvae showed responses similar to

~

gigas (Phelps and Warner, 1988).
The Sediment Quality Triad concept should be applied to
evaluating pollutant-caused degredation of Chesapeake Bay
sediments.

Combination of the short-term M.

arenari.~

burrowing bioassay with the 96-hour oyster larva sediment
toxicity bioassay using either

c.

c.

gigas or

virginica

will now permit rapid bioassay testing of Chesapeake Bay
sediments.

An amphipod bioassay may also be

develop~~d.

From

these studies it is apparent that storage of sediment samples
affects bioassay results. The clam burrowing and oyster larva
bioassays are compact and can be used on shipboard to test the
fresh sediments collected during cruises.

These bioassays can

also be used in the laboratory with experiments on sediment
fluxing of toxicants.

The effectiveness of chemical toxicants

under estuarine conditions is often not known.
studies should be combined with bioassays.
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Development of an Estuarine Solid-Phase Sediment Bioassay
Using Molluscan Larvae
Harriette L. Phelps, Kelton Clark,
and Kimberly Warner
University of the District of Columbia
Biology Department
4200 Connecticut Avenue, N.W.
Washington, DC 20008

Pollutants in estuarine water are exposed to a large
sorptive area of suspended solids and become concentrated in
sediments. It is not known whether sediments are safe sinks for
estuarine pollutants. One relatively inexpensive method of
determining the bioeffectiveness of sediment-sorbed pollutants is
through bioassay of the solid-phase sediment. An estuarine
sediment bioassay has been explored using the sensitive early
life-history larval stage of available molluscs: Crassostrea
gigas for euryhaline sediment and Corbicula fluminea
for tidal freshwater estuarine sediment.
Crassostrea gigas eyed pediveliger larvae are readily
available almost year round from a West Coast oyster hatchery.
Mature Corbicula larvae are released from adult clams
collected from the Potomac during the spring and fall spawning
seasons. Except for the pretreatment of~ gigas larvae
with epinephrine to induce settlement, the bioassay technique was
similar for both species. Sediment was pressed through a 149 u
Nytex screen and approximately one ml placed in a 2.75 ml well of
a 24-well Falcon tissue-culture plate. One ml water was added to
each well and 20 - 40 molluscan larvae placed on the
sediment-water interface. After four days at room temperature
the well contents were filtered through 149 u Nytex mesh and the
retained larvae examined for obvious mortality.
c. gigas larvae showed good survival from 8 - 34 ppt
salinity with average control seawater mortality of 3% and
control sediment mortality of 7%. Copper-spiked sediment was
used as a negative control and caused increased mortality in both
c. gigas and Corbicula larvae. Field sediments from
Baltimore Harbor and Anacostia Navy Yard caused mortalities of
100% and 79% for C. gigas and Corbicula larvae
respectively.
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Stored control sediment (17 ppt) had increasing toxicity to
larvae and lowered pH after two months at 4 deg. C or 0 deg. C
(frozen). Fresh Baltimore Harbor sediment was much more toxic
than sediment stored for one week at four deg. C or frozen.
Stored copper-spiked sediment lost 39% of toxicity after eight
days storage at four deg. c.
It appears that diagenesis of
sediment-sorbed esturine toxics may occur rapidly in storage and
it is recommended that biotoxicity tests be carried out with
fresh sediment. One comparison bioassay with Crassostrea
virginica larvae showed a response to copper-spiked sediment
similar to C. gigas. This bioassay may be a useful indicator
for field studies of estuarine sediment pollution and for
experimental studies on sorption and desorption of bioeffective
sediment pollutants.
Funded by the Center for Urban Ecology, National Park
Service, and the U.S. Fish and Wildlife Service.
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Organic Carbon, Oxygen Consumption, and
Bacterial Metabolism in Chesapeake Bay
R. B. Jonas
George Mason University
Department of Biology
Fairfax, Virginia 22030

J. H. Tuttle, J. T. Bell, and D. G. Cargo
University of Maryland
Center for Environmental and Estuarine Studies
Chesapeake Biological Laboratory
Solomons, Maryland 20688
Bacterial metabolism is the most important oxygen consuming process
leading to oxygen depletion in Chesapeake Bay. The bacteria are extremely
versatile in their ability to utilize available organic carbon sources for
their metabolism and growth. Current evidence indicates that phytoplankton
production is the principal source of organic carbon fueling the bacterial
oxygen consumption. However, the linkage among phytoplankton production,
bacterially labile organic pools and bacterial metabolism is neither simple
nor direct. Questions persist regarding the temporal and spatial scales of
organic carbon production, speciation and consumption. Because of these
complexities it is crucial that appropriate estimators of bacterially utilized
carbon pools be identified and measured in order to assess water quality and
to project trends in oxygen depletion.
With these goals in mind, we simultaneously estimated organic carbon
pools (chlorophyll a [CML], biochemical oxygen demand [BOD], amino acids [AA],
and carbohydrates [CHO] and bacterial abundance and metabolism at stations
along two transects in the mesohaline portion of Chesapeake Bay. One transect
was located off the Patuxent River (PAX) while the other was off the Great
Wicomico River (GWR) in Virginia. During the summer of 1987 the deep water
portions of both transects experienced severe oxygen depletion and were anoxic
for differing periods. Anoxia was transient at the GWR transect but persisted
longer at the PAX transect.
On a seasonal scale, BOD ranged from about 0.5 to more than 7 mg/l and
reached a maximum in the surface waters along the western portion of the GWR
transect. During the spring, however, BOD was highest in the bottom water at
both transects and averaged 3 - 4 mg/l. This inverse relationship with depth
mirrored the spring CHL depth distribution. Bottom water CHL, up to 80 ug/l,
in April was about 3 times greater than in the surface. Throughout the water
column in spring, most BOD was particulate in nature, but during summer,
dissolved organics dominated the BOD especially below the euphotic zone. In
many cases nearly 100% of the BOD was dissolved. Dissolved free AA (0.5 - 1
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umolar) and dissolved CHO (0.5 - 2 umolar) were present in high concentration,
and during the summer represented approximately 50% of the BOD. These
substrates may be even more important than their static concentrations imply
because high bacterial turnover rates, up to about 50%/h, require a rapid
production of the substrate. Dissolved free CHO appear to be a major organic
substrate fueling bacterial oxygen consumption in the Bay. However, during
highly stratified surruner conditions AA concentrations and metabolism, which
peaked near the pycnocline, could represent a major biological barrier to
reaeration of deep waters.
Spatially, we found that organic carbon concentrations, including CHL,
BOD, AA, and CHO, were higher at the GWR transect than at the more northerly
PAX transect. Similar results were found for bacterial abundance and
metabolism. :hese results would be consistent with the hypothesis that
organic carbon from the southern mesohaline Chesapeake Bay drives oxygen
depletion farther to the north. The lateral distribution of these parameters
suggests the possibility that there may be a significant interac:tion with
Potomac River water entering the Bay on the west.
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Understanding the Estuary: Advances in Chesapeake
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Consortium Publication 129. CBPITRS 24188.

Fluxes of Carbon, Nitrogen, and Oxygen Through
Estuarine Bacterioplankton
Hugh W. Ducklow, Emily R. Peele, Suzanne M. Hill,
and Helen L. Quinby

University of Maryland
Hom Point Environmental Laboratories
Center for Environmental and Estuarine Studies
P. 0. Box 775
Cambridge, Maryland 21613-0775

Over the past decade biological oceanographers and aquatic
ecologists have discovered that microbial P-lnkton less than about 10
microns in diameter often dominate the biomass and fluxes of C,N,P and
O in most marine systems (Pomeroy, 1974; Ducklow, 1983). This finding
extends to the heterotrophic bacterioplankton, most of which are less
than 0.5 microns in diameter. Bacterioplankton metabolize on the
average about 40% of the daily primary production in habitats ranging
from polluted estuaries to the open sea (Hobbie and Cole, 1984;
Ducklow, 1982, 1986). The pathways over which energy and nutrients
flow to the bacteria are not well documented, and the consequences of
the domination of nutrient cycling by very small organisms are poorly
understood. However it has been suggested that longer, less efficient
food chains result from such a trophic foundation, because larger
organisms like copepods and fish larvae are generally unable to
harvest micron-sized particles efficiently. This had led to the idea
that the bacterioplankton are a net sink for energy and carbon in
marine foodwebs (Ducklow et al., 1986) rather than an important source
of nutrition for economically important organisms.
Ecological and fisheries research has begun to show that this
situation occurs in Chesapeake Bay. That is, it appears that much of
the primary production flows through the lower trophic levels
dominated by nanophytoplankton, bacteria, and protozoans with a
relatively small fraction appearing in yields of harvestable species.
At the same time we have begun to realize that nutrient inputs to the
Bay are flowing not to fish and shellfish, but into the microbes
(Nixon et al., 1986), resulting in seasonal anoxia. Nutrient inputs
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are increasing, but we cannot yet predict the fate of these inputs, or
the consequences of continuing increases with much accuracy.
In order to improve our understanding of the mechanisms by which
nutrient inputs are dissipated through microbial food chains and cause
net consumption of oxygen in Chesapeake Bay, we began a comprehensive
study of the flows of C,N and 0 through bacterioplankton in the midBay region in 1984. This paper summarizes some of our findings from
the last four years.
Our sampling design has addressed lateral (cross-Bay) and vertical
(top-to-bottom) variations in bacterial abundance and production in
the region between the Bay Bridge and the Patuxent River (Malone et
al., 1986). In different years we have altered the temporal resolution
of our studies to observe responses to climatic and meteorological
forcings on scales of days to months, with particular emphasis on the
period of rapid oxygen decline (May), and the period of maximwn
stratification and anoxia (August). In this discussion we concentrate
on bacterial processes in the surface layer and euphotic zone.
After four years of study we have a good composite view of the
seasonal cycle, and some impression of interannual variability (Figure
1). Overall, both bacterial abundance and production are closely tied
to the annual temperature cycle, with low values in late winter. and
early spring, and maxima in summer. Mean monthly abundance reaches a
maximum in July or August (Figure la) whereas production is highest in
June (Figure lb). This phase shift indicates that in situ removal of
bacteria by bacteriovores is not closely tied to their production.
Summertime levels of abundance range from 5 to over 25 million cells
per ml (Malone et al., 1986). These are among the highest sustained
levels of bacterial abundance observed in estuaries (cf. Coffin and
Sharp, 1987).
By regarding these data together we can estimate specific growth
rates (production/abundance, units per day). During all periods, the
gross growth rates (0.3-1.3 per day) are well in excess of the
dilution rate of the surface layer (0.03-0.08 per day} in this area.
This large difference between the production and dilution of the
bacteria suggests that unless the grazers are capable of removing
nearly all of the bacterial production each day, the bacteria will
accumulate in this region, as the high abundance levels also indicate.
Interannual variations in abundance and production are also out of
phase. Bacterial abundances are fairly uniform from year to year
except in late summer (Figure la) when stratification, temperature and
anoxia are at their seasonal maxima. We do not yet understand this
variability. High growth rates relative to low dilution rates in
summer, when flows are low, suggest that variations in the couplings
between bacteriovores and their prey are a possible cause of the
variability in summer. Bacterial production levels are similar in
summer, but vary by 2-4 fold in spring (Figure lb), when interannual
variations in freshwater flows are greatest. Again, we do not
understand this pattern, but suggest that it is related to variations
in exogenous inputs of inorganic nutrients and organic matter which
are greatest in spring (Malone et al., in press}.
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Our measurements show that bacterial production in the euphotic zone
ranges from about 5% to over 100% of the daily primary production,
with levels often surpassing 35% (Figure 2). Bacterial production is
very high in Chesapeake Bay, compared to a "global" average of about
15-20% (Cole et al., in press). Bacterial production clearly cannot
exceed the rate of primary production for very long, unless there are
additional inputs of organic matter for the bacteria to metabolize. In
the absence of exogenous inputs of organic matter, bacterial
production must be limited to some fraction of primary production, the
value of which is set by the conversion efficiencies of the bacteria.
Conversion efficiencies for bacterioplankton using natural dissolved
organic matter (DOM) are not well characterized (Bjornsen, 1985) so we
have resorted to flow analysis models (Fasham, 1985; Ulanowicz~ 1985)
to estimate the relative importance of internal and external siources
of DOM for bacterial growth in the mid-Bay.
Bacterioplankton in most marine systems, including Chesapeake Bay,
depend primarily on the flux of DOM to sustain their growth. In
estuaries DOM supplies may be internal or external. Internal sources
include the release of carbohydrates, proteins and amino acids from
phytoplankton and grazers within the euphotic zone (Figure 3).
External (exogenous) inputs are those originating from outside the
euphotic zone of the mid-Bay area, which include DOM in the freshwater
input, or that diffusing upward from the bottom layer and/or sediment
(Figures 3,7). Furthermore it is clear from Figure 3 that external
inputs of dissolved inorganic nitrogen (DIN) will also be converted
into internal inputs of DOM for bacteria. Thus both the fluxes of DIN
and DOM must be considered to understand the high levels of bacterial
production in the Bay.
To estimate the ranges of bacterial production which can be
supported solely by internal sources of DOM, given a specified level
of external DIN, we have performed sensitivity analyses of the model
foodweb shown in Figure 4. ~his linear input-output model is
described more fully in Duck:ow et al., (submitted). To use it, we
specify the levels of primary production (1 unit or 100%), bacterial
production (varied from 1 to over 50%) and the relative dependency of
the phytoplankton on internal (recycled NH4 or urea) and external DIN
(nitrate from rivers or ammonium from the bottom layer). This
dependency sets the overall level of grazing on phytoplankton and
bacteria. Next physiological parameters like the assimilation
efficiencies for zooplankton, conversion efficiencies for bacteria and
excretion rates for phytoplankton and zooplankton are varied over
reasonable ranges and the combinations of parameter values yielding
steady-state solutions for each level of bacterial production and DIN
input are identified.
Figure 5 shows the levels of bacterial production (as a percentage
of primary production, or PP) which can be supported solely on
internal sources of DOM for a given level of DIN input, at steady
state. The results show that a maximum bacterial production of about
40% of PP can be supported by internal supplies of DOM. Howevet· this
is only attained at steady state when DIN inputs are low and PP' is
dependent mostly on recycled nitrogen. When PP dependence on external
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Figure 2. Mean monthly levels of bacterial production, expressed as a
percentage of daily primary production in the mid-Bay region during
1984-1987.
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DIN is higher, bacterial production must depend to some extent on
external inputs of DOM or decline to maintain the steady state.
It is important to remember that this result only applies to steady
state situations when the stocks of all pools are not changing. In
addition it should be noted that there are numerous combinations of
parameters and fluxes for which permissible solutions can be obtained.
This analysis merely points out a crude estimate of the relative
levels of bacterial production which can be sustained without external
DOM supplies. However, given these caveats, it is striking to compare
the model results in Figure 5 with our measurements in Figure 2. About
half the time for which we have data, bacterial production is near the
maximum sustainable levels, or above them. Thus if we assume that in
the mid-Bay region most of the DOM is produced in situ (as is the case
for particulate organic matter, Biggs and Flemer, 1972), and further
assume normal parameter ranges for DOM release and conversion
efficiency, then we see that the fluxes of C and N through the
bacteria are about as large as they could be.
What are the characteristics of estuaries in general and Chesapeake
Bay in particular which lead to high levels of primary and bacterial
production? Clearly PP is high because nutrient inputs are high
(Boynton et al., 1982). Malone et al., (in press) have shown how
external inputs of DIN interact with the estuarine circulation to
boost PP in summer (Figure 6). Large amounts of phytoplankton biomass
produced in spring are not consumed and sink into the bottom layer of
the mid-Bay. The net upstream transport in the bottom layer tends to
retain this material in the region and concentrates it from the larger
area over which it was derived. In late spring and summer this
biomass is decomposed, consuming oxygen and producing recycled NH4.
Then the wind-driven lateral circulation ("tilting") supplies NH4 to
the surface, triggering higher levels of PP (Malone et al., 1986). We
suggest this scenario can also explain high levels of bacterial
production. Decomposition of the spring phytoplankton also releases
DOM, which is incompletely metabolized in the anoxic bottom layer
(Figure 7). During tilts this DOM may be made available to bacterial
metabolism in the euphotic zone, boosting bacterial production above
the level which could be maintained on internally produced DOM alone.
Much of the above is speculative. Furthermore we have little
understanding of the trophic mechanisms and foodweb structures and
dynamics responsible for the high levels of DOM flux in the Bay. It
does appear clear that bacterial production is very high in Chesapeake
Bay. Whether this condition is-peculiar to the 20th century Chesapeake
Bay, heavily impacted by anthropogenic nutrient inputs, or if it is
common to all stratified estuaries remains to be seen. Whatever the
answer, we can conclude that the nutrient input to the Bay is flowing
primarily through microbial foodwebs, and not efficiently producing
oysters and f inf ish. Further research on microbial processes is needed
to discover how this pattern might be reversed.
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Planktonic Respiration in Mesohaline Waters of Chesapeake Bay:
Seasonal Patterns of Size-Fractionated Oxygen Consumption
with Reference to Depletion of Bottom Water Oxygen
P. Sampou, W. T. Randall, and W. M. Kemp

University of Maryland
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Cambridge, Maryland 21613

Planktonic oxygen consumption was measured with dark bottl1e incubations
at ambient temperatures in the spring and summer of 1986 and 1987. Mid-Bay
water, sampled south of the mouth of the Choptank River, was collected using
Niskin bottle casts from surface and subsurface (pycnocline or bottom) depths.
Gentle reverse pressure filtration with membrane filters and Nitex screening
was used to fractionate sampled water into two or more sizes (<3 ug 64 u,
whole) prior to incubation. Dissolved oxygen was measured with polarographic
oxygen electrodes standardized against Winkler titrations. Surface water
respiration rates showed the clearest seasonal response. Rates for all size
fractions rose as spring progressed into summer (March rates, 4 ug o2 i-lh- 1 ;
August, 37 ug i-lh- 1 ). This seasonal pattern corresponded to contemporaneous
increases in temperature, primary production and microbial and Z<>oplankton
biomass. It was interesting to note that the increase in whole water rates
was most highly correlated with temperature and not parameters that might
reflect substrate availability (ie. phytoplankt~n biomass or production, total
suspended solids) . Diel cycles in surface res~~ration rates did exhibit a
strong periodicity reflecting a tight coupling to phytoplankton production in
May and August. Maximum rates were measured for water collected in the
afternoon. Minimum night time rates were 30-50% of the afternoon maxima. The
relative role of microbial respiration as a fraction of total was
significantly different between spring and summer. Microbial rates dominated
summer respiration throughout the water column. In contrast, mic:robial oxygen
consumption was typically less than 30% of whole water rates in t.he spring.
This distinction has implications regarding the relative importance of free
microbes in the plankton community and is probably related to the size
spectrum of primary producers. A comparison of water column respiration rates
and sediment oxygen consumption illustrates the combined importar1ce of both
processes in the depletion of bottom water oxygen in late spring. During the
period of rapid oxygen depletion in May preliminary oxygen budget indicated
that 60 to 70% of total biological oxygen consumption was attributable to
planktonic respiration.
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The Relative Significance of Macrophyte Decomposition and Phytoplankton
Respiration in the Consumption of Oxygen in the Lower Chesapeake Bay
Luis M. Lagera, Jr. and Joseph C. Zieman
University of Virginia
Department of Environmental Sciences
Charlottesville, Virginia 22903

INTRODUCTION
The apparent increase in the impact of hypoxic and anoxic events in the
Chesapeake Bay has provided impetus for more intensive research into the
processes that lead to such phenomena (Tippie 1984; Officer et al. 1984 ).
While anoxic events are observed in other estuaries and are a common
occurrence in bodies of water subject to some stratification, the development
and extent of anoxic conditions in the Chesapeake Bay is perceived with alarm
(Seliger et al. 1985). The increase in the magnitude and duration of these
anoxic events is thought to be due to the microbial oxygen demand in the
water column and in the sediments (Taft et al. 1980; EPA 1982; Officer et al.
1984; Seliger et al. 1985). High microbial oxygen demand is believed to be
due to the high concentration of organic matter in the Bay. The elevated
organic matter concentrations in Bay waters is postulated to be a result of
the high inputs of nutrients from the drainage basins feeding the Bay. In
aquatic environments, elevated nutrient inputs result in high phytoplankton
productivities. In addition, accumulated nutrients in the sediments are
thought to maintain the high production rates in the Bay through the summer.
High rates of primary production in the water column in turn generate high
bacterial abundance, productivity and turnover rates (Tuttle et al. 1987).
The role of physical factors in the development of anoxic conditions in the
Bay is documented (Seliger et al. 1985). Since the Bay is a partially
stratified estuary, areas of the Bay show varying degrees of stratification
through the year. Anoxic conditions develop when oxygen consumption in bottom
waters exceeds the rate of reoxygenation because the delivery of oxygenated
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surface waters to oxygen depleted bottom waters is reduced or interrupted.
Stratified conditions in the water column can develop because of density
differences in surface and bottom layers caused by temperature or salinity
differences. Salinity differences are greatest during spring due to increased
river discharge. Increased river discharge during spring is also thought to
provide the nutrients that support the spring bloom of phytoplankton in the
Bay (Kemp et al. 1987). The stability or stratification of the water column
may also be increased during warm periods when density differences caused by
salinity are enhanced by warming of surface layers.
In addition to enhancing stratification, warm temperatures and increased
salinity also decrease the solubility of oxygen in water. As temperatures and
salinities increase, the pool of available dissolved oxygen decreases. The
development of anoxic conditions in the Bay is thought to begin in late
winter when bottom temperatures start to rise (Tuttle et al. 1987). With th1'
increase in temperatures, the metabolic rates, and consequently abundance and
productivity, of autotrophs and heterotrophs also increase. All these factors
further increase oxygen consumption rates.
While the rise in water temperature tends to result in stratification events,
wind and tides reduce stratification. These physical factors potentially
increase mixing of surface and bottom water preventing anoxic conditions from
developing. The interplay of climatological, hydrological and geomorphic
factors can then determine the occurrence of anoxic conditions in an estuary
that is predisposed to anoxia due to the heavy load of organic matter in its
waters.
In aquatic environments, oxygen is consumed by biological and chemical
processes in the water column and sediments. Oxygen is consumed during
autotrophic and heterotrophic respiration. Although the mineralization of
organic carbon is thought to be the major oxygen consuming process,
microbially-mediated chemical reactions, such as ammonium oxidation or
nitrification, and sulfide oxidation also consume oxygen. Sulfide oxidation
can also be a spontaneous chemical reaction. Normally, sulfides are found in
estuarine sediments but as anoxic conditions develop, the sulfide containing
layer begins to move into the water column. If anoxic conditions persist due
to stability of the water column, sulfides may reach the pycnocline (Tuttle
et al. 1987). Because sulfide generation requires low-molecular weight carbon
compounds as substrates for sulfate reducers, this process is also controlled
by the supply of organic material in the sediments. The source of this
organic matter may be from labile, nutrient-rich phytoplankton material or
more refractory, comparatively nutrient-poor macrophyte material.
Extensive marsh areas and submerged aquatic vegetation produce large amounts
of litter that decompose in the sediments in certain areas of the Bay. In the
middle section of the Bay, 33% of the organic carbon flux is reported to be
from submerged macrophytes (Kemp et al. 1984 ). One important submerged
macrophyte in the Chesapeake Bay is the seagrass Zostera marina. Zostera
senesces during summer and in the late fall producing substantial wrack
deposits. Macrophytes such as Spartina alterniflora found in salt marshes
fringing significant areas of the Bay senesce in the fall and are washed off
during the spring and summer. In addition, terrestrially derived macrophyte
litter, such as deciduous leaf material, may be entrained into the estuary
through river discharge.
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Thus, macrophyte material provides a substrate for microbes in the sediment.
The rate of decomposition of this organic matter is affected by its chemical
composition and structure. Since mineralization of the organic carbon in
macrophyte material requires oxygen, plant material with higher nitrogen
content will decompose faster, develop a large microbial community, and
result in higher oxygen consumption rates.
To evaluate the relative significance of macrophyte litter and seston/water
column oxygen consumption in the consumption of oxygen in the Chesapeake Bay
estuary, field and laboratory experiments were conducted to measure:
a) oxygen consumption associated with decomposing macrophyte litter
b) oxygen consumption in the seston or water column.
In this paper, evidence will be given that the rate of oxygen consumption in
macrophyte litter is lower, compared to oxygen consumption due to phytoplankton and bacterioplankton respiration in the water column. Oxygen
consumption rates in macrophyte litter will be shown to be affected by the
chemical composition and structure of material. The fractionation of oxygen
consumption to size-classes representing phytoplankton and bacterio-plankton
and dependence of bacteria-plankton on ~hytoplankton production will be
demonstrated.

METHODS
The study was conducted along the lower IO-mile segment of the York River
during the summer of 1986 and 1987. To obtain decomposing samples of
macrophyte litter of known age, litterbags containing Zostera marina (green
blades), Spartina alterniflora (standing dead leaves and stalks) and Ouercus
alba or white oak (fallen leaves) material were deployed in June, 1986. These
three species were used to determine the effect of plant structure and
composition on rates and patterns of oxygen consumption.
Litterbags were deployed at three subtidal sites, Guinea Marshes, Allen's
Island, and Mumfort Island (Figure 1). At intervals over three months, three
replicate litterbags of each species were retrieved from each site. The
remaining litter was cleaned and aliquots incubated for six hours at ambient
temperatures in river water which had been filtered through glass fiber
filters (GF /C).
To estimate water column or seston oxygen consumption rates, replicated water
samples were collected from the three sites in the summer of 1987. In
addition, consumption measurements were made at two mid-channel sites: Sarah
Creek and Gloucester Pt. Water samples were incubated in the dark at 20°C for
24-48 hours. Seston densities were determined by filtering water samples
through GF/C filters and analyzing for organic content using the method of
weight loss on ignition.
Bottle effects may increase as the length of incubation increases. Therefore,
to determine the effect of incubations time on consumption measurements,
consumption rates from the 24-48 hour incubations were compared with
measurements in short-term incubations. In addition, consumption rates were
compared to net productivity of the water column using the light and dark
bottle incubation method. Water samples from the shoal and mid-channel sites
527

were incubated for 6-8 hours. Size-fractionated incubations of water samples
were conducted to determine the partitioning of oxygen consumption between
bacterio-plankton(<l micron) and zoo/phytoplankton (>l micron).

Figure 1. York River sample sites: Guinea Marshes (GNP); Allen's Island
(ALI); Sarah Creek (SCK); Gloucester Point (GPT; Mumfort Island (MUM).
A series of light and dark bottle incubations of samples from a transect from
the shoals to the channel at Guinea Marshes was also conducted to check the
observed differences in consumption and production rates between shoal and
channels areas. To further test the relative significance of macrophyte,
water column and sediment oxygen consumption, in-situ oxygen metabolism
measurements were made using 2.5 1 plexiglass chambers in shaded and unshaded
conditions.
RESULTS AND DISCUSSION
The results of the incubations of litter from the Guinea Marsh site are
summarized in Figure 2. Oxygen consumption rates in Zostera litter ( 1.5-4 mg
02/g AFDW /h), increased over the course of decomposition and was the highest
rate measured for the three macrophyte species. Consumption rates in Spartina
and oak litter were similar to each other (0.1-1.0 mg 02/g AFDW /h) and were
not as variable as Zostera through the course of decomposition. At the
Allen's Island and Mumfort Island sites, the results were similar, in that
consumption rates for Zostera were higher than that of Soartina and oak. Over
the course of the study, oxygen consumption rates for decomposing macrophytes
ranged from 0.5 to 4 mg 02/8 AFDW /h.
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Figure 2. Oxygen consumption rates in Zostera, Spartina and Quercus litter
decomposing at the Guinea Marshes site. Points along a line are means with
upper and lower standard errors of 3 replicates.
The rate of oxygen consumption is affected by the size and activity of the
microbial populations in the sample. When the substrate is optimal for
microbial colonization, a larger and more active microbial community will
develop. Materials high in structural matter, that require more energy to
metabolize, will be colonized by a smaller and more specialized microbial
community which possesses the enzyme systems needed to breakdown the more
complex refractory organic matter. Materials that contain adequate nitrogen
to mineralize the carbon will support a lar&er microbial community, resulting
in higher oxygen consumption rates. Microbial activity and oxygen consumption
rates can be stimulated in macrophyte material containing low nitrogen by
amendments of nitrogen (Almazan and Boyd 1978). Zostera litter contains less
structural material and has a higher nitrogen content than Spartina and oak.
The higher oxygen consumption rates measured in Zostera Htter compared to
Spartina and oak correlate well with observations of faster decomposition
rates in Zostera litter compared to Spartina and oak (Lagera et al. in
prep.).
Figure 3 summarizes the data from the oxygen consumption measurements of the
seston/water column samples. All of the sites showed water column consumption
rates which were higher than 4 mg 02/s AFDW /h, the highest consumption rate
in macrophyte litter. These estimates are conservative since the incubations
were conducted at 20°C while ambient water temperatures were higher.
Weight-based consumption rates did not vary systematically upstream. This
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observation contrasts with the consumption measurements calculated on a
volume basis. On a volume basis, an increase in consumption rates was seen in
the upstream sites. Measurements made from samples collected at Guinea
Marshes in June (0.03 mg 02/1/h) were significantly lower than in samples
from Mumfort Island (0.06 mg 02/l/h). The consumption rates estimated in this
study are comparable with rates reported by Kemp et al. ( 1987) from surface
waters of the mid-Chesapeake (0.01, 0.02 and 0.03 mg 02/l/h in April, May and
August, 1986). Similarly, Tuttle et al. (1986) reported consumption rates
from cross-Bay transects conducted in 1985 which are comparable (0.01-0. l mg
02/1/h).
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Figure 3. Seston oxygen consumption by site.
The short-term light and dark bottle incubations showed water column
consumption rates which were comparable with the measurements made from
extended incubations reported above. At all sites, consumption was, on the
average, 30% of gross production. Net production was more variable than
consumption rates and was higher and more variable upstream. Increased oxygen
consumption upstream could be explained by higher concentrations of suspended
organic matter. If bacterioplankton abundance and productivity, and
consequently, oxygen consumption, is dependent on dissolved and suspended
organic matter, consumption rates should be higher in samples containing
greater organic matter.
The oxygen consumption measurements for shoal areas on the average were
higher than those of the channel sites. The observations of higher
consumption rates in shoal areas were supported by the shoal-channel transect
study. The consumption and net production rates varied along the transect
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from the shoal to channel at Guinea Marshes. Water column consumption was
highest in the shoals while net production was highest in the channel. These
agree with the observations reported by Tuttle et al. (1987) of higher
bacterial abundance and production in the shallow flanks of the mainstem of
the Bay. Tuttle et al. (1987) also observed that the concentrations of
phytoplankton and labile organic matter were also higher along the flank
areas. Increased phytoplankton abundance and productivity supports higher
bacterial production. In shoal areas where turbulence is higher, resuspension
of sedimented material, including benthic heterotrophs, is higher.
Consequently, the proportion of the heterotrophs making up the water column
community is greater, resulting in higher consumption rates and lesser net
production.
The size fractionated incubations revealed that 50-75% of the oxygen
consumption could be attributed to the consumption associated with the > 1
micron fraction. This fraction includes zooplankton, phytoplankton, and
bacteria associated with particles greater than 1 micron. Of the <l micron
fraction, at least 70% of oxygen consumption could be attributed to particles
greater than 0.45 microns. Kemp et al. ( 1987) estimated that in surface
waters in the mesohaline reach of the Chesapeake, 45- 70% of the consumption
could be attributed to the <3 micron fraction.
Raw and size-fractionated incubations of water samples from red tide eddies
or phytoplankton blooms occurring in the York River in September, 1987
revealed higher consumption rates (0.17 mg 02/l/h) compared to non-red tide
waters (0.06 mg 02/l/h). The proportion of oxygen consumption associated with
particles less than 0.45 microns in size, that is the bacterial fraction, was
much higher (>80%) than in non-red tide waters (<50%). This data supports the
hypothesis that high phytoplankton production supports and enhances bacterial
abundance and production. The consumption rates in 1 micron filtered red tide
samples were significantly higher than in the incubations of the raw or
unfiltered non-red tide samples.
If the hypothesis that bacterial abundance and production in the Chesapeake
is dependent on phytoplankton production is correct, blooms of phytoplankton
would be expected to have a higher proportion of heterotrophic populations
compared to non-bloom waters. Phytoplankton blooms are characterized by large
releases of dissolved organic carbon that can fuel heavy growth of bacteria.
Since high consumption rates are associated with increased bacterial
abundance, consequently, higher consumption rates would be expected in these
bloom waters. In addition, the proportion of oxygen consumption attributable
to the bacterial fraction (<l micron) would be greater.

The uncoupling of the phytoplankton-zooplankton link in the Chesapeake Bay
due to anoxic conditions is also postulated as a mechanism for the
development of the unusually large bacterioplankton populations in the Bay.
Anoxic conditions can prevent the normal diet vertical migrations that
zooplankton exhibit resulting in increased predation and the extirpation of
zooplankton eggs as they sink into anoxic bottom waters The inability of
zooplankton to effectively graze on phytoplankton provides bacterioplankton
with an larger source of substrate as phytoplankton die and decompose (Roman
1987). Sellner et al. (1987) reported that in August, 1986 microzooplankton
assemblages consumed 21-53% of the available phytoplankton carbon in midChesapeake Bay. The balance of the carbon could then provide a substrate for
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bacterial metabolism and growth. This may explain the reported rates of
carbon deposition in the Bay of about 30-60% of areal phytoplankton
production. Ducklow and Peele (I 987) reported that on the average 70% of
phytoplankton production in the Bay is metabolizable by bacteria.
The effect of grazing and organic enrichment on the consumption of oxygen in
the water column is suggested in a set of size-fractionated incubations. A
set of bottles was incubated for 42 hours with unfiltered samples, I micron
filtered samples and I micron filtered samples with the GF /C filters
incubated in the bottles. This last set of incubations was conducted to
determine the effect of physically removing grazing organisms from the water
samples but still retaining their metabolic activities within the samples.
The death and decomposition of organisms caught on the filters would also
provide a rich substrate for microbial growth. Consumption rates in the
samples with the GF/C filters included were significantly higher (140%) than
in the unfiltered samples while the 1 micron filtered samples showed
consumption rates which were less than 50% of the unfiltered samples. Owing
to the confounding effects of nutrient enrichment on bacterial abundance and
productivity, additional experiments need to be conducted to conclusively
quantify the effect of grazers on the consumption of oxygen in the water
column.
Water column consumption rates estimated from the in situ incubations using
plexiglass chambers were comparable to those obtained by using BOD bottle
incubations. The in situ incubations produced a benthic consumption rate of
0.5 g 02/m2/day. These are within the range of measurements of benthic
consumption previously conducted in the York River. During the summer in
1976, in situ measurements of 0.9-3.4 g 02/m2/day were reported (Hyer 1977).
Rizzo (1987) reported a mean sediment oxygen consumption rate of 0.8 g
02/m2/day for shoal areas of the York River. These values are also comparable
with measurements made in the mainstem of the Bay. At the middle reaches of
the Bay, benthic consumption rates in April, 1986 were 1.0 g 02/m2/day at a
IO m depth and 0.8 g 02/m2/day at 25 m depth (Kemp et al. 1987).
In this study, the effect of litter on net production and consumption in the
water column and sediment was apparent from the in situ incubations. The
presence of litter on the sediment surface increased consumption rates by
over 100% while it decreased net production by about 50%. Macrophyte litter
on the sediment surface can increase oxygen consumption because of the
associated heterotrophs and can decrease net production by shading the
benthic flora.
CONCLUSION

A number of observations of relevance to the problem of anoxia in the
Chesapeake Bay were made in this study. Oxygen consumption rates in
macrophyte titter were shown to be lower than in bacterio- or phyto-plankton
respiration. This can be explained by the greater proportion of more labile,
readily metabotizable, nutrient-rich substrate in phytoplankton material.
Higher rates of water column oxygen consumption rates were also observed in
upstream sites where the concentration of suspended organic matter and
samples from shoal areas were higher. Bacterial oxygen consumption associated
with the higher concentrations of suspended organic matter in upstream sites
and over shoal areas explain the higher rates of oxygen consumption.
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Heavy blooms of phytoplankton associated with high bacterial populations
exhibited higher oxygen consumption rates supporting the view that bacterial
populations in the Chesapeake Bay are dependent on phytoplankton production.
Preliminary observation on the effect of grazers on oxygen consumption rates
suggest further research along these lines be pursued.
The study supports the prevailing opinion that phytoplankton decomposition or
water column oxygen consumption is the dominant source of oxygen demand in
the Chesapeake Bay compared to macrophyte litter. However, decomposing
macrophyte litter may be important in consumption of oxygen in certain cases
or areas where litter may accumulate such as shallow embayments. In these
areas, macrophyte litter can increase benthic consumption rates. Because
macrophyte litter decomposes over a longer period of time (the turnover rate
for phytoplankton is much faster than macrophyte litter), over time the
cumulative oxygen demand of macrophyte litter could be comparable.
Estimates of water column and benthic consumption rates from this study were
used with data in the literature in an order-of-magnitude calculation and
sensitivity analysis to evaluate the relative importance of water column and
benthic oxygen consumption (including macrophyte litter) in the development
of anoxia. This exercise suggests that due to the relatively consistent
values derived for oxygen consumption measurements for the water column and
sediments, the accuracy of estimates of Bay-wide oxygen consumption may be
more dependent on the rigorous calculation of the total volume of water (i.e.
depth, hypsographic profiles and cross-sectional areas) used in the
estimates.
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Ecological Changes in Chesapeake Bay: Are They The Result of Overharvesting
the American Oyster, Crassostrea virginica?
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University of Maryland
Hom Point Environmental Laboratories
Cambridge, Maryland 21613

ABSTRACT
Standing stocks of the American oyster (Crassostrea virginica) in Chesapeake Bay were
as high as 188 x 106 Kg dry tissue prior to the major harvests of the late 19th
Century. Due to continued overfishing and the effects of disease, the population has
declined to a current level of about 1.9 x 106 Kg dry tissue. Crassostrea virginica is a
suspension feeder, removing suspended organic and inorganic particles >3 µm in diameter
with high efficiency. As it only assimilates approximately 70% of the filtered organic
material, its dense mucus-bound biodeposits can provide a food resource for benthic
organisms. Thus the oyster can form an important link between pelagic and benthic
food webs.
It is possible that this decline in oyster biomass, and consequent reduction in their
cropping of phytoplankton populations, may be a strong contributing factor to the
apparent shift to microbial food webs and resultant summer anoxia in the deeper waters
of the Bay. In addition, it is possible that planktonic suspension-feeding organisms,
such as copepods and microzooplankton, have increased in abundance in response to this
reduction in competition for phytoplankton. Such an increase in zooplankton would be
expected to lead to a rise in the biomass of their predators, such as ctenophores and
jellyfish. An increase in the oyster population by management and aquaculture could
significantly improve water quality by removing large quantities of particulate carbon.
INTRODUCTION
The development during the summer of brief periods of anoxia in the bottom waters of
Chesapeake Bay was first reported by Newcombe et al. (1939) in the l 930's. Since then,
the duration and extent of such anoxic conditions may have expanded until by the mid-
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l 980's much of the water beneath the pycnocline is anoxic for extended periods during
the summer (Officer et al. 1984). Such a deterioration in water quality in the Bay
imposes a stress on the biota, which is usually fatal to benthic invertebrates, including
many commercially valuable species, Thus, over the last decade a considerable amount
of research has been directed toward understanding the causes and consequences of
these changes in water quality (Taft et al. 1980, Officer et al. 1984). The general
consensus from these investigations is that an increase in inorganic nutrient inputs,
from both point and non-point sources, has led to enhanced levels of primary production
throughout the Bay. It is the utilization and respiration of these abnormally high levels
of organic material by the benthos and heterotrophic bacteria that reduces the dissolved
oxygen concentration in the bottom waters (Kemp and Boynton 1984 ), and when a strong
summer pycnocline prevails, anoxia can become very widespread (Malone et al. 1986,
Officer et al. 1984 ). Therefore, in 1987 legislation to reduce nutrient inputs into the
Chesapeake Bay by 40% was enacted which, it is thought, will reduce many of the
consequences of eutrophication.
Extant benthic invertebrate populations are now recognized to be extremely important in
nutrient recycling and benthic pelagic coupling (Rhoads 1974, Boynton et al. 1980, Dame
et al. 1980) and molluscan suspension feeders may even act as a natural control on the
adverse effects of eutrophication in estuaries (Cloern 1981, Cohen et al. 1984, Officer et
al. 1982). The objective of this paper is to explore the possibility that the effects of
nutrient enrichment on the Chesapeake Bay ecosystem have been exacerbated by the
decline over the last century in the American oyster population. In an effort to
quantify the role of oysters in Chesapeake Bay, I have compared the time it would take
the oyster populations at their pre-exploitation densities, and in 1988, to filter the
entire volume of the Bay. This method has previously been used to demonstrate the
role of extant populations of suspension feeders in other estuaries (e.g. Dame et al.
1980, Biggs and Howell 1984). I have then taken these calculations a stage further by
determining what proportion of the current daily primary production the original oyster
populations could have removed from the water column. From this information I have
calculated what proportion of the carbon that could have been used by the original high
densities of oysters is now available for other organisms, such as pelagic suspension
feeders.
OYSTER STANDING STOCKS
The American oyster, Crassostrea virginica is a well adapted estuarine species that
produces large oyster beds in localities with salinities that range from S to 30 ppt
(Galtsoff 1964). The oyster also requires firm substrates to form substantial populations;
thus it is incapable of living on the softer muds often found in the >9 m deep channels
of both the main-stem Chesapeake Bay and upper bay tributaries, except in certain
exceptional localities (e.g. at 37-40 m near Point Patience in the Patuxent river
[Kennedy and Breisch 1981 ]). The oyster was once so abundant in Chesapeake Bay that
18th century contemporary accounts suggest that oyster reefs were a significant
navigational hazard (Wharton 19~7). The subsequent decline in abundance is thought to
be primarily due to continuous overexploitation (Kennedy and Breisch 1981) and,
secondarily, due to the effects of disease.
Despite the economic importance of the oyster there is little reliable information on
oyster biomass in Chesapeake Bay. Instead, I have estimated biomass from information
on oyster landings in Maryland and Virginia, although it is widely regarded that oyster
landings are significantly under-reported (Krantz and Haven 1982, Stagg 1985). Also,
harvest statistics only give information for commercial size oysters (> 7 cm) and are
subject to other errors that give rise to inconsistences between supposedly identical
records (Haven et al. 1978).
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The most complete record for oyster landings in Maryland were compiled by Kennedy
and Breisch (1981). From their data (Figure 1) I have calculated that 304 x 106
Maryland bushels of oysters were harvested between 1870 and 1895. Contemporary
surveys of the major oyster growing regions during the late 19th Century show that
there was a precipitous decline in oyster stocks and an irreversible change in many
oyster beds as a result of the harvest activities, such that many were no longer
conducive to oyster larval settlement (for review see Kennedy and Breisch 1981). After
these large harvests, landings declined to a fairly stable level of about 3 x 106 bushels
a year for the next four decades. The stability of these subsequent harvests suggest
that this was the annual level of recruitment to the population and the earlier annual
harvests of over 10 x 106 bushels were of a standing stock that had built up over many
years in areas where recruitment occurred infrequently. Similarly, Davis et al. (1976)
suggested that in certain localities within the Bay the abundance of oysters depends on
a successful recruitment that occurs only every 10-1 S years. Thus, if an annual
recruitment of 3 x 106 bushels is subtracted from the landings for the 25-year period
1870-1895 it indicates that there was a standing stock of 229 x 106 bushels of oysters
in Maryland prior to 1870. I used a yield factor of 2.64 Kg wet weight of oyster tissue
per Maryland bushel (Haven et al. 1978), and that an oyster has an 80% water content
(Newell, unpublished data), to calculate that the dry weight biomass of oysters in
Maryland prior to the major harvests was 120.5 x 106 Kg. Unfortunately, there is no
information available on oyster landings in Virginia prior to 1880. Thus, oyster stocks
cannot be calculated from reported landings for the period of the major harvest.
Instead, I have calculated from National Marine Fisheries Service statistics (Figure 1)
that in J 880, 1888, 1890 and 1891 the Virginia landings were, on average, 56% of those
in Maryland. Assuming that the fishing pressure on the oyster stocks during this period
was the same between the two states, the standing stock in Virginia would be 56% of
the calculated value for Maryland i.e. 67 .4 x 106 Kg dry oyster tissue.
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A second method for estimating pre-harvest oyster stocks is to use an estimate of what
percentage of the totaJ population was being harvested annually and appJy this to the
data on landings. In the early 1970's this exploitation rate was extremely high, reaching
over 30%, because the oyster stocks were small (Cabraal 1978). In order to obtain a
conservative estimate of the oyster biomass I have applied a moderately high
exploitation rate of 10% to the peak harvest data of 1880 for Maryland and Virginia
(Figure 1) to calculate that in 1880 Maryland had a stock of 65.3 x 106 Kg and Virginia
41.4 x 106 Kg dry tissue.
By 1975 the oyster stocks in Maryland had declined :o 5.26 x 106 Kg dry tissue (Cabraal
1978) and in 1988 are about 1.05 Kg dry tissue (pers. comm., Dr. S.J. Jordan, Maryland
Department of Natural Resources). The Virginia oyster population in 1988 was estimated
to be about 1.5 x 106 bushels (0.85 x 106 Kg dry tissue) (pers. comm., Dr. R. Mann,
Virginia Institute of Marine Science).
ESTIMATION OF THE FEEDING ACTIVITY OF CRASSOSTREA VIRGINICA
The oyster is an active suspension feeder, removing particles > 3 µm with high
efficiency (Haven and Morales-Alamo 1970). Subtidal oysters in the Chesapeake Bay
feed for over 23 h per day with no diurnal rhythm (Newell, unpublished data). Feeding
activity varies seasonally but rates of 5 1 . h-1 . g-1 dry tissue weight are typical for
oysters during the summer (Newell, un_published data). Thus oysters have an average
summer filtration rate of 0.115 1 . kg- r . d-1.
For Chesapeake Bay. and Maryland's portion of the Bay. the total volumes (71.5 x I o9
and 27 .3 x Io9 m3, respectively), and volumes <9m in depth (53.8 x 1o9 and I 7.8 x 1o9
m3. respectively), of the regions with salinities >5 ppt (in which oysters flourish), were
calculated from Cronin and Pritchard (1975).
The pre-1870 oyster populations in the Chesapeake Bay could potentially filter the entire
water column during the summer in less than 3 to 6 days and the <9m water every 2 to
4.5 days (Table 1). However, with the current oyster stocks, these turnover times have
dramatically increased to 325 days and 244 days, respectively (Table I).
Table 1. Number of days required by the oyster population, prior to the major
harvests (pre-1870 and 1880 oyster stock estimates) and today, to filter both
the entire water column and the water shallower than 9 m, both in
Maryland's portion of the Bay and in the entire Chesapeake Bay.
Date

Oyster Bigmass
(Kg x 10 Dry
Tissue Wt)

Volume of Water
Filtered
(L x 1012 d-1)

Turnover Time (d)
Total Water
<9m
Column
Zone

Maryland's Portion of Chesapeake Bay
Pre-1870
1880
1975
1988

13.86
7.51
0.61
0.12

120.5
65.3
5.3
1.1

2.0
3.6
44.8
227.5

1.3
2.4
29.2
148.3

3.3

2.5
4.4
244.5

Entire Chesapeake Bay
Pre-1870
1880
1988

21.62
12.27
0.22

188.0
106.8
1.9
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5.8
325.0

THE ROLE OF OYSTERS IN CARBON CYCLING

Harding et al. (1986) measured the daily rate of carbon production by phytoplankton
along the main stem of Chesapeake Bay in the spring, summer and fall of 1982. From
their data I have calculated an average carbon production of 1.08 ± 0.25(S.E.) g C .
m-2 . d-1 (range 0.14 - 2.65) for the >5 ppt regions of the Bay where oysters can
grow. Malone et al. (1986) reported a slightly higher rate of phytoplankton carbon
production of 1.44 g C . m-2 . d-1 during the summer and early fall of 1984 in the
main stem of the Bay near the mouth of the Choptank river.
The total area of Chesapeake Bay with salinities >5 ppt is 10.7 x 109 . m-2: and the
area within Maryland is 3.66 x 109 . m-2 (Cronin 1971). Thus, using the value of 1.08
± 0.25(S.E.) g C . m-2 . d-1 (Harding et al. 1986), the average total daily planktonic
carbon production during 1982, in the entire Bay, and in Maryland's portion, was
calculated to be 11.5 g x 109 g and 3.95 x109 g, respectively. Malone et al. (1984)
reported that the euphotic zone ranged in depth from 3 to 6 m and was confined to
the mixed layer above the pycnocline. Therefore, in order to convert the areal daily
carbon production to carbon per litre I have assumed that phytoplankton production is
confined to waters shallower than 9 m waters (This is generally also the maximum
depth in which oysters live in the Bay). Thus, there is an average daily carbon
production of 2.2 x 10-4 g . i-1 in the Chesapeake Bay.
The metabolic carbon requirements of an oyster feeding at 5 1 . h-1 . g-1 are 0.537
m~ C respired h-1, calculated from its rate of oxygen consumption of 1 ml 02 . h-1 .
g- (Newell and Langdon 1986). Assuming that respiratory carbon demands are 75% of
total carbon requirements (Bayne and Newell 1983), the oyster's total carbon
requirements are 17 .3 mg C . d-1. Using these estimates of carbon requirements,
together with those for 1982 phytoplankton carbon production, the pre-1870 oyster
stocks in Maryland would have been capable of removing 770/o of the 1982 daily carbon
production in the <9 m waters (Table 2); about 70% of the filtered carbon would be
used to satisfy their metabolic demands while the other 30% would have been egested
as compacted biodeposits available to the benthic food web (Table 2). Even the
conservative estimate of the original oyster population in Maryland suggests that they
could remove 420/o of the 1982 daily carbon production from the <9 m water column.
Overall, the entire population of oysters that existed in Chesapeake Bay prior to their
heavy exploitation by man might have been capable of removing between 230/o and 41 %
of the 1982 phytoplankton carbon production.
By 1975 the population of oysters that existed in Maryland's portion of Chesapeake
would have been capable of removing only 3.4% of the 1982 daily carbon production in
the <9 m waters. By 1988 the oyster papulation had declined to such an extent that
it is only capable of removing about 0. 70/o of the daily carbon from Maryland's waters
and 0.40/o baywide (Table 2).
Unfortunately, it is difficult to assess from my calculations the relative impact of the
pre-exploitation oyster populations on benthic pelagic coupling in the main stem of
Chesapeake Bay, where about 35% of the area is >9 m deep (Pritchard 1952), compared
to its shallower tributaries. Even in the main-stem, however, oyster densities were
extremely high on both the western and eastern shores, with particularly extensive
populations at the mouths of each tributary, and in Eastern Bay and Tangier Sound
(Kennedy and Breisch 1981 ). Generally, oyster beds are concentrated in areas of high
water flow and scour, such as occur along the edges of channels, where water
movement is sufficient to bring in food and remove biodeposits (Lund 1957). This
water circulation would have enhanced the ability of oysters to filter large amounts of
particulate material, even from the main-stem Chesapeake Bay. In addition, the pre540

Table 2. For Maryland's portion of the Bay and the entire Chesapeake Bay. prior to
the major period of oyster harvest (pre-1870 and 1880 oyster stock
estimates) and today. a) percent of the daily phytoplankton carbon
production filtered by oysters; b) weight of carbon filtered by oysters from
the <9 m water column; c) the total carbon assimilated; and d) the amount
of carbon. in the form of oyster biodeposits, sedimented. All calculations
are based on 1982 daily carbon production estimates of 3~.5 x 108 and 115.6
x 108 g carbon for Maryland's portion of the Chesapeake Bay, and the entire
Bay. respectively.
Date

% Daily
Carbon
Production
Removed

Carbon
Removed
<9m Zone
(g x 108 d-1)

Assimilated
Carbon
(g x 108 d-1)

Carbon
Sedim{'nted
(g m-2 d-1)

Maryland's portion of Chesapeake Bay
Pre-1870
1880
1975
1988

77.2
41.7
3.4
0.7

30.5
16.5
1.34
0.26

20.7
11.2
0.9
0.2

0.267
0.145
0.012
0.002

Entire Chesapeake Bay
Pre-1870
1880
1988

41.2
23.4
0.4

47.6
27.0
0.48

32.2
18.3
0.3

0.144
0.081
0.002

exploitation oyster reefs were such large accretions of shell and living oysters that
they must have enhanced turbulent mixing and created changes in the local water
currents. Again this would enable the oyster community to intercept a larger
proportion of the water flow. compared to other benthic suspension feeders that can
only feed in the region of low flow associated with the benthic boundary layer.
ECOLOGICAL CHANGES IN CHESAPEAKE BAY
In Chesapeake Bay the extant macrobenthic invertebrates are both numerous and
diverse, with many communities dominated by suspension feeding molluscs (Holland et
al. 1987). Unfortunately. there is no direct data available to indicate whether the
biomass of these communities has changed as a consequence of the decrease in the
oyster population. However. currently one of the most abundant suspension feeding
molluscs in the mesohaline regions is the wedge clam. Rangia cuneata. This species
has only become a dominant member of the benthos in the last two decades, and was
thought to be extinct on the east coast prior to 1955 (Hopkins and Andrews 1969). In
the oligohaline to freshwater reaches of the Potomac river. the Asiatic clam.
Corbicula fluminea. which was introduced in the last decade, is so abundant that its
feeding activity causes a significant decrease in the phytoplankton population (Cohen
et al. 1984). In contrast to the increase in some species of benthic invertebrates it is
possible that in some localities the benthfo biomass is lower today as a consequence
of the reduction in oyster biodeposition. The feces and pseudofeces produced by the
oyster contain a large proportion of organic matter (Newell and Jordan 1983) which
can form an important energy source for bacteria and benthic invertebrates feeding at
the sediment water interface (Haven and Morales-Alamo 1966, 1968; Jordan 1987).
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Indeed, Holland et al. ( 1987) have speculated that benthic communities at some
locations within Chesapeake Bay are currently food limited. Also, the original oyster
beds provided a major source of firm substrate for other benthic invertebrates, such
as mussels, barnacles, and tunicates that cannot live on the generally muddy bottom
of the Bay.
Pelagic suspension feeders, such as zooplankton may have increased in abundance as a
result of the decline in oyster stocks. Zooplankton, which are relatively short-lived
and opportunistic animals, can respond rapidly to an increase in the supply of
phytoplankton. Zooplankton and meroplankton in Chesapeake Bay can attain high
densities and currently consume nearly 100% of the daily phytoplankton production
during August in the mesohaline portion of the Bay (White and Roman 1988). This
suggests that during the summer the zooplankton community is a major consumer of
the phytoplankton population, a position that could once have been filled by the adult
oyster and its planktotrophic larvae.
The major consumers of zooplankton are fish larvae, certain species of adult fishes,
ctenophores (Mnemiopsis ~. and jellyfish, e.g., the sea nettle (Chrysaora
auinauecirrha); the sea nettle also preys on the ctenophore. In a detailed review by
Wharton ( 1957) of the historical literature available on colonial fisheries in Virginia
there is little mention of the now-abundant sea nettle. Given the current attention
paid to the sea nettle by fisherman and boaters it is plausible to equate the lack of
reference in the historical diaries with the idea that sea nettles might not have been
very abundant during that period. I speculate that the current high abundance of sea
nettles may be due, in part, to an increase in their zooplankton food supply, which is
a consequence of a reduction in oyster stocks. However. sea nettles have probably
always been present within Chesapeake Bay, perhaps relying on the once abundant
oyster larvae as a prey item.
It is currently thought that increased nutrient inputs and reduced light levels are
encouraging the growth of small species of phytoplankton in Chesapeake Bay (for
review see Verity 1987). There is no information available concerning the size
structure of the phytoplankton community in Chesapeake Bay a century ago when
oysters were abundant. However, oysters are capable of removing cells <3 µm, albeit
with relatively low efficiency (Haven and Morales-Alamo 1970). In contrast, Acartia
mna. which is usually the dominant pelagic suspension feeder during the summer
(Heinle 1966, White and Roman 1988), cannot feed efficiently on cells <7 µm (Richman
et al. 1977, Ryther and Sanders 1980). Thus, in systems such as Chesapeake Bay that
are dominated by zooplankton herbivores, it is likely that there will be a shift to
smaller phytoplankton species simply as a result of selective effects of zooplankton
grazing (Richman et al. 1977, Ryther and Sanders 1980).
Oysters, in common with other bivalve molluscs, are efficient suspension feeders and
can have a considerable impact on particle concentrations because of their ability to
pump large volumes of water across the ciliated surfaces of their gills (Jorgensen
1966). They are also long-lived animals that overwinter and increase their feeding
activity in the spring in response to rising water temperature. Thus the pre-harvest
oyster population would have been an important consumer of the spring phytoplankton
bloom. In contrast, the copepod Acartia 1Qnll is not able to overwinter as an adult
in the Chesapeake Bay, due to low winter temperatures. Other members of the
zooplankton population are meroplanktonic e.g .• polychaete larvae which in August are
second only to copepods in their consumption of phytoplankton (White and Roman
1988). As a consequence of the low zooplankton biomass in the spring a large
proportion of the spring phytoplankton bloom currently remains ungrazed. It is the
provision of this pulse of carbon to the ber.thic invertebrate and bacterial communities
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beneath a strong pycnocline (when it develops) that is responsible for the anoxic
conditions in the bottom waters of the Bay (Kemp and Boynton 1984).
In addition to their role in cropping phytoplankton populations, the pre-exploitation
oyster populations may also have been important in controlling turbidity, by reducing
both the particulate inorganic material (PIM) and organic material (POM) suspended in
the water column. The oyster removes PIM and POM with high efficiency and ejects
the undigested material as mucus-bound biodeposits. Thus, the grain size of the PIM
is effectively increased, making the PIM more resistant to erosion and resuspension
(Haven and Morales-Alamo 1968, Jordan 1987). Increased turbidities in the Bay that
have occurred since colonial times have principally been attributed to anthropogenic
factors (e.g., land clearing) increasing the rate of terrestrial erosion in the watershed,
and a decline in the seagrass communities that not only trap suspended sediments but
can also serve to stabilize sediments (Short and Short 1986 ). However, the decline in
the oyster population over the last century may have exacerbated suspended
particulate concentrations simply by reducing rates of biodeposition.
Currently the euphotic zone in Chesapeake Bay lies between 3-6 m deep (Malone et al.
1986) and although primary production is high it is generally considered to be light
and not nutrient limited (Harding et al. 1986, Verity 1987). Thus phytoplankton
production may also have been high prior to 1870 because of increased light
penetration, as well as the rapid recycling of nutrients via the oysters metabolic
processes (Rhoads 1974, Boynton et al. 1980). My calculations for the amount of
carbon required by the pre-1870 oyster population in Maryland (Table 2) indicate that
the oysters required about 52% of the 1982 daily carbon production to satisfy their
own requirements. These calculations suggest that only 25% of the 1982 carbon
productio.1 would be directly available, and another 25% indirectly in the form of
oyster biodeposits, for all other herbivores and detrivores in Chesapeake Bay. This
suggests that the Bay must have been an extremely productive system prior to 1870 in
order to support both the oyster population and the other animal species. It is
possible that it was even food limited on some occasions.
SUMMARY

From my calculations it is apparent that oyster stocks were once abundant enough to
be the dominant species filtering carbon from the water column in Chesapeake Bay.
Harding et al. (1984) estimated that phytoplankton doubling times during the summer
in Chesapeake Bay are on the order of 0.8 to 4.3 days. This is very similar to the
summer filtration times for the <9 m water column of 1.3-4.4 days that I estimated
for the original oyster populations (Table I). From the rationale of Officer et al.
(1982), this suggests that the oyster could have exerted a major influence on the
phytoplankton population in Chesapeake Bay. I believe that these calculations provide
insights into the role that a flourishing oyster population once played in the ecology
of Chesapeake Bay. Even if the figures are not absolute, the relative magnitude of
the changes associated with the over-exploitation and decline of the oyster stocks
cannot be ignored. Consideration of the former trophic role oysters may have played
in the Chesapeake Bay ecosystem is instructive since it suggests a valuable biological
role that restored oyster populations can play in future water quality restoration
efforts. This is in addition to the well recognized importance of the oyster to
commercial fisheries. If it is impossible to restore Crassostrea virginica, due to its
susceptibility to two major oyster diseases (MSX and Perkinsus) that are present in
the Bay, perhaps we should consider introducing a non-native oyster species, such as
the Pacific oyster Crassostrea &.i.gu. Officer et al. ( 1982) make the point that is the
introduced species of bivalve molluscs in South San Francisco Bay that are controlling
the detrimental effects of eutrophication. Restoring an abundant population of filter
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feeding oysters to the shallow waters of Chesapeake Bay and its tributaries might
really help lend new meaning to the phrase "Clean up the Bay".
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Oxygen Fluctuations and Fish Population Dynamics in a
Chesapeake Bay Oyster Bed
Denise L. Breitburg
The Academy of Natural Sciences
Benedict Estuarine Research Laboratory
Benedict, Maryland 20612

INTRODUCTION
Dissolved oxygen concentrations below 4 mg/L or 50% saturation are
physiologically stressful to many fish species (4 mg/L - 50%
saturation at approximately 27.5°C). Below these concentrations,
larval survival, development and growth are negatively affected
(Siefert and Spoor 1974; Rogers et al. 1982) and adult behaviors
change (Magnuson et al. 1985; Kramer 1987). At nonlethal
concentrations, low dissolved oxygen can decrease growth rates,
feeding rates and reproductive activities and lead to changes in
swimming behavior and habitat use that increase the risk of
predation (reviewed in Kramer 1987).
Deep mesohaline areas of the mainstem Chesapeake Bay become anoxic
during summer months. Wind-driven cross-Bay tilts of the pycnocline
can bring anoxic or severely hypoxic waters onto the shallow flanks
of the Bay (Carter et al. 1978; Malone et al. 1986). Although low
dissolved oxygen conditions in the Bay are thought to negatively
impact both finfish populations and shallow water epibenthic
communities (Holland et al. 1980; Kemp and Boynton 1981; Coutant
1985; Price et al. 1985), few studies have directly addressed this
hypothesis.
The current study was designed to establish the relationship between
low and fluctuating oxygen levels in Chesapeake Bay oyster bars and
recruitment and population structure of a benthic fish, Gobiosoma
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bosci, the naked goby. The naked goby is a potentially important
component of the Bay trophic structure. Our data indicate that
periods of low dissolved oxygen concentrations, probably associated
with tilting of the pycnocline, lead to decreases in naked goby
populations and may cause mortality of recent recruits in
moderate-depth and deep areas of oyster bars. Although no tntrusions
of anoxic water appear to have occurred at the study site during
summer 1987, dissolved oxygen concentrations as low as 0.2 mg/L were
recorded. Such concentrations are sufficiently low to cause 100%
mortality of naked goby larvae in less than two hours (Saksena and
Joseph 1972).

STUDY ORGANISM
The naked goby is a small benthic species that is abundant i.n oyster
beds and seagrass habitats in estuaries and tributaries along the
east and Gulf Coasts of the United States and Mexico. Naked gobies
live in and among oyster shells and other hard substrates which they
use both for shelter and as sites for egg attachment. Eggs are
guarded by the male for several days, after which time larvae undergo
a month-long planktonic stage (Breitburg unpublished data) before
settling to the benthos. Settlement generally occurs at 9-12 mm
total length (TL) (Breitburg unpublished data).
Tolerance of the naked goby to oxygen stress has been assessed only
for the larval stage. Saksena and Joseph (1972) found that 50% of
newly hatched naked goby larvae die within 24 h at 1.30 mg/L.
dissolved oxygen. Dissolved oxygen concentrations of 0. 86 m.g/L were
lethal to 50% of larvae within 4 h.
There are no estimates of population size of benthic naked gobies
within the Chesapeake Bay, probably because of the difficulty of
remote sampling of cryptic benthic fishes in structurally complex
habitats such as oyster beds. Our data from the Flag Ponds oyster
bar indicate that densities of 10-50 individuals/m2 of suitable
habitat are not unusual. In contrast to benthic populations,
planktonic naked goby larvae have been extensively sampled in the
Chesapeake Bay and its tributaries. During the summer, naked goby
larvae are typically first or second in abundance among fish larvae
in Chesapeake Bay tributaries and nearshore waters (Dovel 1971;
Wakefield 1977; Gallagher and Currence 1982). Because of their
abundances, both benthic and pelagic stages of the naked goby are
potentially important as predators and prey. For example, naked goby
larvae are, at least at times, the most important fish prey of
juvenile striped bass (Wass and Wright 1969; Markle and Grant 1970).

METHODS
Field studies were conducted in the Flag Ponds oyster bar near Camp
Conoy, MD on the western shore of the Chesapeake Bay during summer
1987. The oyster bar ranges from approximately 2-6 min depth and
varies in bottom topography from low rock ledges and outcroppings to
a continuous cover of unconsolidated oyster shell. Permanent
stations were established in 2, 5 and 6 m of water. Rock
outcroppings are more abundant at the 2 m site than at the deeper
sites.
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Hydrolab model 2040 DataSondes were used to monitor dissolved
oxygen, temperature and salinity at 15 min intervals within 10 cm of
the substrate at the 5-m site. Two DataSondes were rotated to
obtain as continuous a data record as possible. Deployment was
limited to ~4 d to minimize the effects of fouling on measurements.
There were 7 dates on which we obtained readings ~15 min apart from
both a DataSonde that had been deployed for several days and a newly
calibrated DataSonde. Salinity readings on old and new DataSondes
were within 0.6 ppt and dissolved oxygen readings were within 0.5
mg/L for six of the seven data pairs. Differences in dissolved
oxygen concentrations of 0.5 mg/L may not be due to the effect of
fouling or differences between the two DataSondes. Dissolved oxygen
fluctuations of 0.5 mg/L were often recorded on a single DataSonde
during successive 15-min readings.
Surface and bottom dissolved oxygen and temperature at all three
sites were also monitored periodically with a Yellow Springs
Instruments (YSI) model 57 dissolved oxygen meter. Concurrent
conductivity measurements were taken with either a YSI model 33
salinity-conductivity-temperature meter or a Beckman model RS5-3
salinometer. Ten of 13 YSI bottom dissolved oxygen readings at the 5
m site were within 0.6 mg/L of the DataSonde measurement taken during
the same 15 min interval (range of differences - 0.1 - 1.2 mg/L).
Benthic fish were collected by two methods: recruitment trays and
suction samples. The biases of the two methods are probably
different but are unknown. Both types of sampling were conducted by
divers using scuba. Therefore we were able to supplement sample data
with visual observations. Replicate samples were taken approximately
10 m apart along a line roughly centered at each permanent station
and parallel to shore.
Recruitment trays were 0.35 m2 (67 x 51.5 x 6 cm deep) plastic trays
filled with approximately 12 L of oyster shell overlaying 4 L of
sand. Trays were deployed for 10 - 29 d. Escape of fish during
retrieval was minimized by first covering trays with 1-mm mesh
netting and then placing each covered tray in a nylon drawstring bag.
Naked gobies swim down among the oyster shell rather than move
laterally when disturbed. Recruitment trays did not work well at the
shallow site. Shallow trays were often overturned by water motion.
Those shallow trays we were able to retrieve may underestimate goby
populations because the shells in these trays were often obviously
disturbed and, in some cases, part of the trays contents had been
lost.
Suction samples were taken by collecting all fish contained within a
0.26 m2 metal cylinder (20 cm high by 57 cm diameter) pushed several
cm into the substrate (where possible). Water was pumped by a 5 hp
gasoline engine through flexible reinforced hose. The end of the
hose was attached to a PVC pipe with a cloth collection bag at its
end. A narrower PVC pipe was attached at an angle to the wider pipe.
The pumped water flowed across the opening of the narrow pipe thus
drawing benthic organisms up and into the cloth colleccion bag.
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RESULTS
Dissolved Oxygen
From 22 June to 21 September dissolved oxygen concentrations at the
5-m site fell to or below 4 mg/L on 51 of the 66 d for which we have
measurements (Figure 1). On 17 days, oxygen levels fell below 2
mg/L. In contrast, daily maximum dissolved oxygen concentrations
during the same period were always above 4 mg/L even on days with
daily minimums as low as 0.2 mg/L dissolved oxygen. Diel
fluctuations of up to 8.5 mg/L were recorded.
Two periods of extremely low minimum dissolved oxygen concentrations
occurred. On 25-27 July and again on 2-3 August dissolved oxygen
concentrations dropped to 0.2 mg/L (Figures 1 & 2a). The elevated
salinities accompanying the low dissolved oxygen concentrations
during these episodes suggest that the severe hypoxia resulted from
cross-Bay tilts of sub-pycnocline waters advecting deep water onto
the shallow flanks of the Bay. On other days daily minimum dissolved
oxygen concentrations could occur during daylight or dark and
fluctuations in dissolved oxygen could be accompanied by or be
independent of fluctuations in salinity (Figures 2b & c).
The relationship between dissolved oxygen and depth varied with
stratification of the water column. On days when surface and bottom
salinities a the 5-m site differed by ~0.5 ppt, bottom dissolved
oxygen averaged 1.9 mg/L higher at 2 m than at 5 m (n-6, range - 0.0
- 3.1). On days with smaller surface-to-bottom salinity differences,
dissolved oxygen at 2 m averaged only 0.8 mg/L higher than at 5 m
(n-9, range-0.0-1.6). Dissolved oxygen and salinity at the 5- and
6-m sites were generally the same.
Recruitment and Population Fluctuations
Recruitment of naked gobies began during early July and although we
collected no naked gobies <18 mm TL after August 7, settlement stage
demersal larvae were seen at the study site through late September
(Breitburg in preparation). Schools of demersal larvae containing
several hundred individuals were generally observed around
high-relief structures, especially at a 0.6-m high research platform
at the 5-m site. However, on 29 July no larvae were seen and on 4
August only a single demersal larva was found.
Prior to the late July and early August episodes of severe hypoxia,
large numbers of recently settled juveniles were found in suction
samples from all three depths, with higher densities at the two
deeper sites (Figure 3). Two days after the second low diss,olved
oxygen episode, only 4 recruits were taken in suction samples at the
two deep sites combined, as compared to 41 recruits at the shallow
site (n•5 samples/depth). Only at the shallow site were recruits <18
mm TL collected. Several weeks after the second low dissolved oxygen
episode, young-of-year gobies were again more abundant at the deeper
sites than at the shallow site.
Our recruitment tray data are less complete for the 2- and 6-m sites
and did not show as dramatic a population decline as did suction
samples (Figure 4). Nevertheless, 4 d prior to the first low
dissolved oxygen episode an average of 8.3 recruits <23 mm TL were
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collected in each recruitment tray at the 5-m site. Two weeks later,
no juveniles <23 mm TL were found at either of the deep sites. As
with suction samples, the smallest juveniles collected in recruitment
trays following the low dissolved oxygen episodes were from the
shallow site.
DISCUSSION
Our data indicate that shallow water habitats on the flanks of the
Bay frequently experience oxygen levels that are physiologically
stressful and sometimes experience oxygen levels lethal to fish.
Although we recorded dissolved oxygen levels as low as 0.2 mg/L, we
found no evidence that anoxic waters intruded into, or developed at
the site monitored during our study. However, during years of heavier
streamflow the volume of anoxic water in the Bay should be greater
and anoxia may occur at the site.
Susceptibility to hypoxic conditions may depend on age or size of
fish. Both tray and suction sample data indicated that oxygen
levels that occurred during late July and early August of 1987
probably caused mortality at least of small juvenile naked gobies.
At the 5-m site no juveniles <23 mm TL were found in recruitment
trays following the episodes of severe hypoxia. Just two weeks prior
juveniles as small as 11 mm TL were found at the same site. Our data
do not allow us to determine whether low oxygen concentrations were a
direct cause of mortality or whether young fish suffered increased
predation when they attempted to escape the hypoxic waters. Because
daily fluctuations in dissolved oxygen were often large and oxygen
levels exceeded 4 mg/L during some part of each day, both timing and
duration of low dissolved oxygen levels are likely to influence their
effects.
Our suction sample data suggest that large juvenile and adult naked
gobies migrate inshore in response to severe drops in dissolved
oxygen. Densities of naked gobies in 5 and 6 m of water were
markedly lower following the two episodes of 0.2 mg/L dissolved
oxygen concentrations than prior to the episodes. In contrast, goby
densities at the shallow site increased during the same period.
Before the abundances of sumberged macrophtyes declined, vegetated
areas may have served as important shoreline refuges when fish were
forced out of oyster bars during intrusions of hypoxic or anoxic
water. Our data also suggest a migration back to the deeper areas of
the oyster bar during the weeks following the low dissolved oxygen
episodes.
Goby densities in recruitment trays at the 5-m site did not decline
as dramatically as did densities in suction samples from the natural
substrate. Differences in microhabitat between trays and natural
sediments, such as differences in the microbial biota or the amount
of organic matter, may have lessened the impact of low dissolved
oxygen concentrations on fish in trays. Trays were also sampled two
days later than suction samples were taken and therefore some
back-migration may have occurred.
Although this paper has focused on the naked goby, several other
benthic fish species are abundant in Chesapeake Bay oyster bars.
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Numbers of these fishes changed in a similar manner as described
above for the naked goby following the periods of severe hypoxia
(Breitburg unpublished data). As a group, these oyster bed species
may serve as a model for determining the impacts of low and
fluctuating oxygen concentrations on benthos-dependent Chesapeake Bay
fishes.
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Role of the Organic and Inorganic Carbon Systems in the
Dissolved Oxygen Regime of the Chesapeake Bay
T. A. Wastler
Office of Marine and Estuarine Protection
U.S. Environmental Protection Agency
Washington, DC 20460

INTRODUCTION
Examination of the three years of water monitoring data on the
main stem of the Chesapeake Bay( collected from June 1984 to July
1987 as part of the Chesapeake Bay Program), suggested that there
is much closer coupling of the organic and inorganic carbon systems
in the main stem of the Bay than had been previously suspected.
A quantifiably close coupling of the two organic systems in the Bay
would allow prediction of the behavior of one system from the behavior of the other,
and, since dissolved oxygen is the
connecting link between the two systems, it should be possible to
predict the behavior of the dissolved oxygen regime
from
knowledge of either the organic or inorganic carbon systems.
Since the composition and dynamics of the inorganic carbon system
can be determined from measurements of temperature, salinity,
and pH alone, this would make it quite simple to predict periods
of low dissolved oxygen from relatively straightforward measurements.

THEORETICAL BACKGROUND
The total carbon budget of any water body is composed of the sum
of the components of the organic carbon system plus those of the
inorganic carbon system. In freshwater the major concern is the
organic carbon system, since the inorganic carbon system is driven
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primarily by the solubility of gaseous carbon dioxide in fresh
water. In seawater. however, the inorganic carbon system is quite
complex ,as can be attested by all students of marine chemistry.
The best and most detailed discussion of this subject is in
Harvey's classic text "The Chemistry and Fertility of Seawater"
(Harvey 1903), and only aspects of this system immediately
relevant to anoxia in the Chesapeake Bay will be mentioned here.
The components of the inorganic carbon system are hydrogen ions,
.carbonate ions, bicarbonate ions, free carbon dioxide, and undissociated carbonic acjd. The exact amounts of each component present in a specific situation are determined by the temperature,
salinity, pH, and pressure. As pH values increase, the amount
of free carbon dioxide decreases and the equilibrium is shifted
toward the carbonate ion. Also, as algae consume free carbon dioxide,
the pH tends to increase, thereby causing the amount of free carbon
dioxide that can exist in the equilibrium to decrease. The kinetics
of the equilibrium are not extremely rapid as far as the
regeneration of free carbon dioxide from the carbonate is concerned,
therefore it is possible that conditions could exist in the ocean
in which algal growth is limited by the availability of free carbon
dioxide even in the presence of a large excess of total inorganic
carbon. It has been observed in some estuarine situations that algal
growth has been inhibited by a lack of carbon dioxide at pH 9
(Kinne 1972).
In fresh water, on the other hand, a very large amount of free
carbon dioxide can be dissolved in the water since the concentration of dissolved carbonate ion is quite small and does not
significantly
affect the chemical equilibrium.
Thus. the
conditions in which the availability of inorganic carbon may become a limiting factor in algal growth would not be expected in
fresh water systems.
Rates of organic decay and oxygen consumption in fresh water systems have been studied in considerable detail in various water
quality control and public health applications; the classic formulation by Streeter and Phelps of the oxygen sag in streams is
accepted as the standard theoretical description of the natural
decay processes involved(Fair and Geyer 19G3). In salt water the
rate of decay appears to vary with the concentration of the seawater. In concentrations of up to about 25 percent seawater, the
rate constant for organic ca:bon decomposition is greater than in
fresh water, but in higher concentrations it is depressed.
The total amount of carbon present in a water body at a specific
time and place consists of the sum of those amounts present in the
organic carbon system plus those present in the inorganic carbon
system. Between times and places there may be exchanges between the
two systems (which would not change the total amount of carbon
present) but there may also be external sources or sinks of
carbon in either organic or inorganic form.
In examining the
monitoring data on the Bay, consideration must be given to any such
external sources or sinks of carbon, particularly to the sediment
oxygen demand, which has been regarded as a significant factor in

development of anoxia in the Bay. ResuspensJon of organic matter
from sediments into the water column is a potentially important
source of organic carbon in the water column where water column
properties such as dissolved oxygen could be affected.
The primary connecting link between the organic and inorganic
carbon systems is oxygen, particularly the free oxygen dissolved
in the water column. Oxygen is used up in the decay process of the
dissolved organic matter with the formation of carbon dioxide;
carbon dioxide is used by algae to produce organic matter with
the release of oxygen. The algae themselves consume some oxygen
in respiration and when algal cells die their decaying tissue
uses up oxygen with the formation of carbon dioxide. Thus oxygen
is an integral part of both systems and is directly involved in
the transference of carbon from one system to the other.
The basis for this investigation is the application of the stan-·
dard textbook concepts and relations described above to the
specific problem of quantifying the coupling of the inorganic and
organic carbon systems in the bottom waters of the Chesapeake Bay
and gaining some insight into the quantification and prediction
of the hypoxia of those waters.

STUDY METHOD
The method used in this inv~stigation was a simple materials
balance at pairs of monitoring stations occupied in the Chesapeake
Bay Program monitoring effort between June 1984 and July 1987. The
overall approach was to use the classical theory of the oxygen
depletion in a natural body of water as enunciated in the
Streeter-Phelps analysis in concert with the accepted inorganic
carbon system behavior as summarized by Harvey. The parameters
required for the analysis were Temperature, pH, Salinity, Dissolved Oxygen, Total Organic Carbon(TOC), Dissolved Organic Carbon(DOC), depth of the pycnocline, and the thickness of both
surface and bottom layers. Particulate Organic Carbon(POC) can be
calculated from TOC and DOC, and total inorganic carbon and
free Carbon Dioxide can be calculated from pH, Temperature, and
Salinity using the equilibrium constants and tables presented in
Harvey. Thus it was possible to use only pairs of stations for
which all of these parameters were available.
The major geographical area of interest is the reach of the Bay
between the Bay Bridge at Annapolis and the mouth of the Potomac
River. This includes the part of the Bay having the greatest
depths and the most severe oxygen depletion problems. The
analysis was therefore concentrated in this reach, with the
analysis limited to the period between May and November 1980,
which is the only period for which sufficient data were available. Individual samples were used to calculate rate processes
between stations, since the two week or greater sampling period
made the aggregation of samples for this purpose highly suspect.
The monitoring data show that the Bay between the Bay Bridge and
the Potomac is stratified throughout the year, with the ratio of

surface to bottom salinity being generally about O.G to 0.8,
indicative of a strongly stratified system. The monitoring data
show no evidence of a seasonal overturn jn the main stem of the
Bay; in fact, the data show the existence of more than two layers
within this reach for part of the year. The materials balance
for this reach therefore reflects the existence of tt least a
two-layered system, with the flow in the bottom layer up the Bay,
and that in the surface layer down the Bay .
.Some mixing between layers is expected even in a strongly
stratified system. Thus, in addition to being transferred chemically or biochemically from one carbon system to the other, there
is some mechanical transfer between layers for each constituent.
An overall materials balance for the Salinity, which is a
conservative parameter, provides ratios of surface layer to
bottom layer average velocity between the stations, as well as a
ratio of the vertical transport velocity to either the surface
layer or bottom layer velocity. An average effective cross-section
for the two stations is assumed; the cross-sectional area
above the pycnocline is assumed to be rectangular, and that below
the pycnocline is assumed to be triangular with the altitude
equal to the observed thickness of the bottom layer.
The first step was to compute the overall carbon balance for both
layers and for each layer separately. This provided an estimate
of the external sources and sinks of carbon, both organic and
inorganic. Balances on each carbon system for each layer then
gave estimates of the external gain or loss to each system.
Next, for the bottom layer material balances were made for DOC,
TOC,dissolved oxygen, and free and total carbon dioxide, assuming
decay processes of the first order, following the Streeter-Phelps
formulation for the decay of organic matter in the absence of
reaeration. Calculations were also made in some cases using a
second order rate process assumption. In the bottom layer
calculations it was assumed that any change in POC between
stations was the result of scouring or deposition of sediment
containing adsorbed organic matter. An increase in DOC between
stations in the absence of a known external point source, is assumed to be from organic matter dissolved off POC or interstitial
water elutriated from the sediment bed load.

RESULTS
A first matter of concern is the extent to which the sediment
load (or "bed load" in stream pollution terminology) may affect
the dissolved oxygen regime in the Chesapeake Bay, particularly
that part of the Bay which is subject to anoxic conditions in the
bottom layer, and which is the area selected for examination in
the present study. The technique of materials balancing, which
considers all sources of carbon to the water column, affords an
opportunity to look at external carbon sources, and in the case of
the bottom layer of the water column, particularly what is put
into or taken out of that layer. Table I summarizes the results
of this analysis of the monitoring data. The data show a mixed

Table I
Changes in Organic Carbon in the Bottom Layer from Sediment Load
(Chesapeake Bay Mainstem between Bay Bridge and Potomac; Miles
from Havre de Grace at midpoint of section between stations; all
data from 198G monitoring results)
a. Particulate Organic Carbon(mm/1)
+ - scouring
- - settling
Mile

May

June

July

20
50
GO
70
80
90
100

0.07
0.13
0.20
0.02
0.01
0.03
0.03

-0.17
-0.09
-0.01
-0.03
-0.04
0.10
-0.05

-0.20
-0.17
-0.05
-0.07
-0.09
0.00

August

September

October

November

-0.11
-0.13
0.02
-0.03
0.01
O.OG
0.00

0 .15
0.01
0.03
-0.30
0.00
0.03
0.05

0.01
-0.03
-0.03
0.50

-0.18
-0.02
0.11
-0.03
-0.02

0.02

b. Dissolved Organic Carbon(mm/l)
+ - addition to the water column
- - loss from the water column
Mile

May

June

July

20
50
GO
70
80
90
100

0.35
0.30
0 .17
-0. lG
0.07
0.30
0.47

0.27
0.15
0.12
-0.21
0.22
0.91
0.15

-0.55
0.05
0.00
-0.38
-0.44
-0.14

August September

October

November

-0.78
0.14
0.38

-1.20
0.23
-0.07
-2.02
-0.08
0.13
0.54

-1. 2G

-0.15
O.OG

-0.55
-0.52
0 .10
-0.42
-0.09
-0.17
0.43

0.30
-0.90
-0. lG
0.72

pattern of scouring and settling of Particulate Organic Carbon and
also a similarly mixed pattern of addition or loss of Dissolved
Organic carbon to the water column. A significant point to note
in this table is that the magnitude of addition or loss to
the water column from the sediment load is of the same order of
magnitude as the smallest reporting number of the data. This
indicates that the quantitative extent of the impact of the sediment load is so small as to not be detectable in the monitoring
data. Therefore, in analyzing the monitoring data, separate consideration of the sediment load as a factor in hypoxia in the
bottom layer is not appropriate, since its impact is subsumed in
the existing water column data.
Table Ila. compares the results of calculating the values of
Dissolved Organic Carbon using the inorganic carbon balance with
the observed values reported in the monitoring program. Table
IIb. shows differences between the observed values of Dissolved
Oxygen
depletion between two monitoring stations and
the
calculated increase in Carbon Dioxide between the same two
stations. The pattern of differences is again mixed, but again
the differences are within the order of magnitude of the measurements. The bottom line conclusion is that there does not appear
to be a basis for deciding that there is a significant difference
between the two sets of data. An analysis of variance of the data
in Tables IIa. and Ilb. showed that in each case the data could be
considered to be of the same set at the 99 percent probability
level.
Table III shows the results of calculating first order deoxygenation
rate constants from the organic carbon balance (Table II Ia.) and
from the inorganic carbon balance (Table IIIb.) using the monitoring
data. The results show a large variation in both cases. For the organic balance the mean valueis -0.28, while the inorganic balance
based on free Carbon Dioxide gives a value of -0.17. In each case
the mean temperature is 21.0 degrees C. The value obtained in a
large number of practical cases for freshwater streams is -0.23 at
20.0 degrees C. based on BOD, not on DOC. However, it may be
noted that the two values for rate constants found in this study
average -0.23. It is worthy of note that at least two months of the
monitoring data showed dissolved oxygen values so low as to raise
questions as to their usefulness in rate constant calculations, and
it was these data that resulted in the lowest rate constant values.
The calculations leading to the results presented in Table III
suggested that the anoxia development in the bottom layer of the
Main Stem could be explained analytically through application of
a first order Streeter-Phelps deoxygenation formulation. To do
this would require more reliable data on the organic carbon components of the water column and more extensive data on the course
of oxygen concentration change in the bottom layer during the
Spring and Fall transition periods to and from hypoxic conditions.
However, the close coupling of the organic and inorganic carbon
systems suggested that it might be possible to use the StreeterPhelps formulation to calculate the Dissolved Oxygen values for
1984 and 1985, for which the organic carbon data were mis-

Table II
Coupling Between Organic and Inorganic Carbon Systems in the
Bottom Layer of the Main Stern Chesapeake Bay
Difference Between Observed Bottom Layer Dissolved Organic
Carbon Values and Those Calculated from the Inorganic Carbon
Balance(mm/l)

a.

Mile
20
50

GO
70
80
90
100

May
-0.08
-0.02
0.03
0.15
0.00
0.01
0.00

June

July

0.03 0.08
0.05 0.07
0.01 -0.02
O.OG -0.07
0.07 0.23
0.10 0.01
0.00

August

September

0.01
-0.01
-0.03

0.16
0.01
0.02
0.16
0.01
0.03
0.03

0.05

O.OG

October
-1.50
0.00
0.01
0.17
0.00
0.01
0.10

November
-1.00
0.01
0.10
-3.00
0.14

b. Difference Between Calculated Carbon Dioxide Generated and
Observed Oxygen Consumed in the Bottom Layer(mm/l)
Mile
20
50

GO
70
80
90
100

May
0.13
-0.07
0.12
0.12
0.02
0.05
0.03

June

July

0.08 -0.22
0.05 0.04
0.07 0.02
0.05 0.08
0.02 0.18
0 .10 -0 .10
0.08

August

September

0.23
0.08
-0 .10

0.21
0.28
0.03
0.12
0.02
0.10
0.05

0.03
0.05

October
-0.40

O.OG
0.33
0.54
0.05
0.05
0.17

November
0 .15
0.20
-0.30
-0.82
-0.25

Table II I
First Order Deoxygenation Rate Constants Calculated
from Chesapeake Bay Main Stem Monitoring Data
for the Bottom Layer Between the Bay Bridge and the Potomac
a. Rate Constants Calculated from the Organic Carbon Balance
Using the Streeter-Phelps Algorithm(per day)
Mile
20
50

GO
70
80
90
100

May

June

July

August

September

October

November

-0.77
-0.40
-0.37
-0.18
-0 .15
-0.25
-0.28

-0.71
-0.28
-0 .18
-0.40
-0 . .iG
-0.25
-0.25

-0.93
-0.17
-0.07
-0 .14
-0.19
-0 .10

-0.0G
-0.24

-0.41
-0.24
-0.20
-0.28

-0. Hl
-0.27
-0.32
-0.67

-0.03

-0.19

-0.45
-0.20
-0.2G
-0.48
-0 .19
-0.15
-0.20

-0.19

Average(arithmetic mean) - -0.28

Rate Constant Based on Inorganic Carbon Balance
Carbon Dioxide Generation(per day)

b.

Mile
20
50

May

GO

-0.94
-0.03
-0.44

70
80
90
100

-0.89
-0.05
-0.28

June

July

-0.05
-0.27 -0.28
-0.25 -0.01
-0.02

August
-0.07

-0.lG
-0.19

Average(arithmetic mean) - -0.17

--

September

October

-0.02
-0.05
-0.02
-0.00
-0.01

-0 .14
-0.32
-0.32
-0.02

Free
November

-0 .15

sing, by estimating an initial value for the Dissolved Organic
Carbon from the inorganic carbon system and then applying the
Streeter-Phelps approach to predict the depletion of Dissolved
Oxygen in the bottom layer.
Table IV presents the results of such an analysis. This table
shows a comparison between observed Dissolved Oxygen values in
the bottom layer and those calculated as described above.
The calculated and observed Dissolved Oxygen values are in all
cases in agreement within the limits of experimental accuracy.
The results presented here use the rate constants calculated
using the 1980 data to reproduce the actual Dissolved Oxygen
values of 1984 and 1985, not only for the Summer months, but
throughout the year where data are available. This analysis is
basically an academic exercise to illustrate the close coupling·
between the organic and inorganic carbon systems and has no practical applic~tion in its present form. However, the method of
calculation presented,e.g., a materidls balance and use of the
Streeter-Phelps formulation to predict the onset of low Dissolved
Oxygen in the bottom layers of ~he Bay, could provide a reasonable
basis for management decisions on combatting the anoxic conditions
in the Bay at very little cost compared to large numerical models.

CONCLUSIONS
1. An extremely close coupling between the organic and inorganic
carbon systems has been demonstrated; this relationship is
sufficiently quantitative that the components of one system can
be estimated from the components of the other.
2. Sediment load is not a significant factor in predicting the
behavior of the oxygen of the bottom layer of the water column.
3. The behavior of the oxygen system of the bottom layers of the
Bay can be predicted using a first-order formulation of the
Streeter-Phelps type with very little expenditure for development
of a practical model.
4. To develop a quantitative model based on this approach, the
present monitoring program needs to be redesigned to acquire more
data during the Spring and Fall when DO concentrations are in
transition and to provide additional data on both carbon systems.
High frequency data on pH, Temperature, Salinity, and DO in the
bottom layer would minimize the need for other data, and in all
likelihood make it possible to predict the onset of anoxia from
these data alone. A cost effective way to do this would be to
convert the existing manual monitoring program to one using consistently reliable remote sensing buoys.
5. The question of whether or not free Carbon Dioxide might
be a limiting nutrient under salinity conditions existing in thE~
Bay should be explored.

TABLE IV
COMPARISON OF
IN THE BOTTOM
THE
(STATIONS
DATE

OBSERVED DISSOLVED OXYGE VALUES
LAYER WITH THOSE CALCULATED FROM
INORGANIC CARBON BALANCE
FROM POTOMAC TO BAY BRIDGE)

STATION

CALCULATED DO
FREE C02 TOTAL C03
RATE CONSTANT@ 20.0C - ::- . 23
BOTTOM VELOCITY(FT/SEC) .820
08/0G/84 CB5.2
1.425
1.9G7
08/0G/84 CB5.1
1.015
1.552
08/0G/84 CB4.4
.785
1.319
08/06/84 CB4.3C
-.005
.525
08/06/84 CB3.3C
-.005
.522
BOTTOM VELOCITY(FT/SEC) .180
09/10/84 CB5.2
- .114
-.195
09/10/84 CB5.1
-.173
-.250
09/10/84 CB4.4
- .199
-.275
09/10/84 CB4.3C
-.196
-.271
09/10/84 CB3.3C
-.033
-.107
BOTTOM VELOCITY(FT/SEC) .479
09/24/84 CB5.2
2.571
2.986
09/24/84 CB5.1
2.091 . 2. 506
09/24/84 CB4.4
1. 731
2 .142
09/24/84 CB4.3C
.001
.407
09/24/84 CB3.3C
2.G61
3.055
BOTTOM VELOCITY(FT/SEC) .G91
10/22/84 CB5.2
4.518
5.182
10/22/84 CB5.1
4.355
5.023
10/22/84 CB4.4
4.032
4.704
10/22/84 CB4.3C
2.330
3.005
10/22/84 CB3.3C
1.573
2.257
BOTTOM VELOCITY(FT/SEC) .459
12/10/84 CB5.2
8.250
8.339
12/10/84 CB5.1
8.526
'8.G22
12/10/84 CB4.4
7.754
7.853
12/10/84 CB4.3C
8.412
8.515
12/10/84 CB3.3C
8.677
8.789
BOTTOM VELOCITY(FT/SEC) .154
04/22/85 CB5.2
7.982
7.850
04/22/85 CB5.1
4.941
4.796
04/22/85 CB4.4
3.837
3.088
04/22/85 CB4.3C
2.943
2.789
04/22/85 CB3.3C
1.788
1.629

OBS.DO

1.430
1.020
.790
.000
.000
.120
.050
.020
.020
.180
2.570
2.090
1.730
.000
2.660
5.020
4.860
4.540
2.840
2.090
8.300
8.580
7.810
8.470
8.740
8 .100
5.070
3.970
3.080
1.930

TABLEJV (CONTINUED)
DATE
BOTTOM
05/06/85
05/06/85
05/06/85
05/06/85
05/06/85
BOTTOM
05/20/85
05/20/85
05/20/85
05/20/85
05/20/85
BOTTOM
06/03/85
06/03/85
06/03/85
06/03/85
06/03/85
BOTTOM
OG/17/85
OG/17/85
06/17/85
06/17/85
06/17/85
BOTTOM
07/08/85
07/08/85
07/08/85
07/08/85
07/08/85
BOTTOM
07/22/85
07/22/85
07/22/85
07/22/85
07/22/85

STATION

CALCULATED DO
FREE C02 TOTAL C03
VELOCITY(FT/SEC) .258
CB5.2
4.234 ,5. 121
CB5.1
3.508
4.440
CB4.4
4.094
5.038
CB4.3C
3.405
4.375
CB3.3C
2.981
3.992
VELOCITY(FT/SEC) .246
CB5.2
3.443
3.918
CB5.1
1. 851
2.331
CB4.4
1.879
2.365
CB4.3C
.418
.907
CB3.3C
-.165
.335
VELOCITY(FT/SEC) .520
CB5.2
3.903
4.475
CB5.1
3 .144
3.718
CB4.4
1.593
2.161
CB4.3C
.073
.645
. (318
CB3.3C
.044
VELOCITY(FT/SEC) .287
CB5.2
.856
1.355
CB5.1
.546
1.033
CB4.4
.328
.812
CB4.3C
.220
.702
CB3.3C
.764
1.241
VELOCITY(FT/SEC) .934
CB5.2
3.099
5.439
CB5.1
2.796
5.107
CB4.4
2.675
4.968
CB4.3C
2.043
4.315
CB3.3C
.405
2.601
VELOCITY(FT/SEC) .495
CB5.2
.171
.095
CB5.1
- .109
- .182
CB4.4
-.103
-.174
CB4.3C
.025
-.045
CB3.3C
-.320
-.388

OBS.DO
4.540
3.330
4.420
3.740
3.330
3.GOO
2.010
2.040
.580
.000
3.860
3.100
1.550
.030
.000
1.200
.940
.720
.010
1.150
2.880
2.580
2.460
1.830
.200
.610
.310
.310
.430
.070

TABLEIV (CONTINUED)
DATE

STATION

BOTTOM
08/0G/85
08/0G/85
08/0G/85
08/0G/85
08/0G/85
BOTTOM
09/09/85
09/09/85
09/09/85
09/09/85
09/09/85
BOTTOM
10/07/85
10/07/85
10/07/85
10/07/85
10/07/85
BOTTOM
11/12/85
11/12/85
11/12/85
11/12/85
11/12/85
BOTTOM
12/09/85
12/09/85
12/09/85
12/09/85
12/09/85

CALCULATED DO
FREE C02 TOTAL C03
VELOCITY(FT/SEC) .444
CB5.2
.514
.85G
CB5.1
-.G09
-.280
CB4.4
-.27G
.047
CB4.3C
-.525
-.212
CB3.3C
.098
.400
VELOCITY(FT/SEC) .G80
CB5.2
2.038
2.283
CB5.1
.103
.337
CB4.4
-.23G
-.005
CB4.3C
-.453
-.220
CB3.3C
-.G12
-.395
VELOCITY(FT/SEC) .G97
CB5.2
3 .135
4.010
CB5.1
3.371
4.237
CB4.4
3.305
4 .1G5
CB4.3C
2.919
3.773
CB3.3C
1.599
2.438
VELOCITY(FT/SEC) .747
CB5.2
G.05G
£3.302
CB5.1
G.155
G.405
CB4.4
5.924
G.17G
CB4.3C
G.604
G.85G
CB3.3C
7.272
7.532
VELOCITY(FT/SEC) .145
CB5.2
7.963
8.184
CB5.1
7.727
7.971
CB4.4
7.591
7.844
CB4.3C
7.G8G
7.947
CB3.3C
7.469
7.740

OBS.DO

1.250
.100
.420
.150
.750
2.810
.840
.490
.2GO
.070
3. 720
3.950
3.880
3.490
2. lGO
G.130
G.230
G.000
G.G80
7.350
8.110
7.890
7.760
7.860
7.650
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Long Term Pattern of Anoxia in the Chesapeake Bay
H. H. Seliger and J. A. Boggs
The Johns Hopkins University
McCollum Pratt Institute and Department of Biology
Baltimore, Maryland 21218

Introduction
There has been a dramatic decline in harvests and in the standing stocks of
commercially important fish and shellfish species since the 1950's. Since hypereutrophication has been implicated as a controlling factor in the losses of fish and shellfish
species in other aquatic ecosystems, and nutrients in effluents delivered into the bay have
increased significantly since 1950 (Heinle et.al., 1980; Flemer et.al.,1983), it has been
proposed (Mackieman et.al., 1983) that increases in nutrients have likewise been
responsible for the species declines that have occurred during this same period. While
detailed mechanisms relating nutrient increases to decimation of specific food chains have
not been described, it has been tacitly assumed that anoxia (which has been associated with
mortalities of fish, shellfish and crustaceans), and overfishing, have been the major causes
of the continued decline of fish, crabs and shellfish in the bay. The increased anoxia
hypothesis as the link between increased nutrients and biota loss has been reinforced by
reports that volumes of anoxic waters in the bay since 1950 have increased annually until in
1980 they were 15 times higher than in the 1950's (Mackieman et.al., 1983; Officer et.al.,
1984 ). This nutrient scenario for the bay assumes the following sequential processes,
each of which is implicitly preceded by the adjective "increased" (Holland et.al., 1977):
nutrients -->primacy and secondary production --> organic deposition --> benthic and
water column respiration --> hypoxia in bottom waters --> anoxia in bottom waters in the
presence of strong density stratification--> mortalities
When anoxia in the Chesapeake Bay first occurs it appears in bottom waters in a
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deep hole just below the Bay Bridge, 38°58'N, Figure 1. This is the first place in the bay
where stratification occurs in spring and high salinity waters, trapped in this hole, spend
the longest times below the pycnocline without exchange with surface waters. In a paper
describing intrusions of summer anoxic waters from the bay into the Chester River, Eastern
Bay, and the Choptank and Potomac Rivers during 1984, an empirical formula was used
for calculating the cumulative decreases of dissolved oxygen concentrations in bottom
waters at the Bay Bridge (Seliger and Boggs, 1985). The monthly losses in dissolved
oxygen were calculated by summing for each month the product of a respiration rate and a
weighting factor, the monthly Bulk Richardson Number. The Bulk Richardson Numbers
(Bowden, 1978), were proportional to streamflow and inversely related to the vertical
advective mixing (exchange of oxygen-depleted bottom waters with oxygen rich surface
waters across the pycnocline). The severe summer anoxia in the upper Chesapeake Bay in
1984 (Seliger et.al., 1985) appeared to be consistent with the conclusions of Officer et.al.
(1984) and with Environmental Protection Agency reports (Heinle et.al., 1980; Flemer
et.al., 1983; Mackiernan et.al., 1983), that there had been a 15-fold increase in anoxia in
the bay since 1950. The conclusions of Officer et.al., (1984), that "... benthic respiration
rather than water column stratification has been the controlling factor in the historical
increase [ 1950-1980] in anoxia", appeared to be necessary in order to explain the increased
anoxia in the absence of any increased trend of annual streamflows, i.e., streamflowinduced stratification (inhibition of vertical advective mixing) was the same in the 1980' as
in the 1950's
Several pieces of information caused us to question whether anoxia had increased
since 1950: In 1985 low Susquehanna River spring streamflow resulted in negligible
anoxia even at the Bay Bridge. Since Taft et.al., (1980) had emphasized water column
respiration in oxygen depletion of bottom waters, nutrient deliveries in 1985 should have
produced some anoxia, at least more than in 1965. In the summers of 1936 and 1937, in
the central bay (38°18'N), there was extensive stratification of both salinity and oxygen
with anr, : a at the bottom (Newcombe and Home, 1938). Likewise in the summers of
1951, 19.)2 and 1953, anoxia in the central bay (38°10' - 38°20'N) was severe enough to
kill crabs in crab pots at depths of 7 meters (Carpenter and Cargo, 1957) . Thus there appeared to have been extensive anoxia in the bay much earlier than the 1980's.
We therefore calculated summer volumes of anoxic bay waters from all data set on
bay-wide measurements of vertical profiles of salinities and concentrations of dissolved
oxygen and at the same time compared them with spring Susquehanna River streamflows.
In the present paper we have referenced and analyzed all of the data (1950-1985) of baywide concentrations of summer dissolved oxygen and salinities, and all of the
corresponding spring streamflow volumes from the Susquehanna River. The data base is
mainly from the Chesapeake Bay Institute Reports. It also includes our own surveys of
salinities and dissolved oxygen concentrations made during 1983, 1984 and 1985, and
those of Jonas et.al., (1985), for the summer of 1985. Our analysis showed that for the 36
year period from 1950 to 1985:

I. The annual total volumes of anoxic bottom waters in the Chesapeake Bay
showed no statistically significant trend of increase with time.
II. The annual total volumes of summer anoxic waters were linearly related to
spring Susquehanna River streamflow volumes with a Student's t- ratio significant at
greater than the 99.99% Confidence Level and a Correlation Coefficient of 0.92.
These conclusions take on additional significance since they relate to whether we
understand all of the factors that have decimated fish and shellfish populations in what has
been the most productive estuary in the United States. A question is raised as to whether
the presently proposed federal and multi-state bay program: to restore the biota of the bay to
their previous high production by reducing nutrients in effluents to the bay, rests on a firm
scientific foundation.
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Figure 1. Chart of the Chesapeake Bay. The central region of the bay comprising the
Choptank, Patuxent and Potomac tributaries is arbitrarily defined as from below the mouth
of Eastern Bay (38°45'N) to below the mouth of the Potomac River (37°45'N). The Bay
Bridge crosses the northern bay at 39°00'N, just north of the steep bathymetric
discontinuity in the bay.
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Calculations a.fAnoxic Volumes.·
Isopleths of D.0. concentrations did not permit extrapolation to values lower than 1
ppm. The depth corresponding to the 1 ppm D.0. concentration in an annual data set was
linearly interpolated from the axial station profiling data. The minimum interval for the
depth profile at any station was 2-4 meters. Therefore the vertical resolution of
interpolation of the 1 ppm value was ±lm, corresponding to an uncertainty in the calculated
volume of anoxic waters of ±lxl09 m3. Two- dimensional isopleths representing the 1
ppm D.O. concentration axially throughout the central bay were constructed on X-Z
templates with units of nautical miles and meters respectively. The volumes for each
nautical mile segment below the 1 ppm isopleth were determined from Chesapeake Bay
bathymetry data (Cronin and Pritchard, 1975) and summed to calculate the total volume of
anoxic waters (~ 1 ppm) for each data set. The calculations covered an 80 nautical mile
axial region of the northern and central bay between 39°00'N, the Bay Bridge and 37°40'N,
the mouth of the Rappahannock River (see Seliger et.al., 1985).

ANALYSIS OF THE DATA
The complete data set beginning with 1950, the first year in which bay-wide
measurements were made by the Chesapeake Bay Institute, is summarized in Table 1. The
data comprise sixteen years during which summer vertical profiles of water salinities and
D.O. concentrations were measured. These include our own surveys for 1983, 1984 and
1985 as well as data from Jonas et.al., (1985) for 1985. Each of the four decades since
1950 is represented by summer measurements made in at least three years. The data
include the highest and lowest volumes of anoxic waters and the highest and lowest
Susquehanna River spring streamflows measured for the Chesapeake Bay. As shown in
Figure 2A and 2B analyses of the annual spring streamflow volumes entering the bay from
the Susquehanna River and of the annual summer volumes of anoxic bottom waters, show
no statistically significant slopes (increases or decreases in either streamflow or anoxia)
over the period 1950-1985. The Regression Coefficients were 0. 11 and 0.06 respectively.
The conclusions of a 15-fold increase in anoxia since 1950 appear to be
unfounded. A comparison may have been made between low anoxia years in the 1950's
and high anoxia years in the 1980's. Two years in the 1950's, 1952 and 1958, for which
extremely high summer anoxia in the Chesapeake Bay had been reported by the
Chesapeake Bay Institute (Hires et.al., 1963) and an intermediate year, 1965, for which
zero anoxia had been reported (Whaley et.al., 1966), were absent from the data considered
in Officer et.al. (1984). The volume of anoxic waters measured for the summer of 1958
remains the highest ever recorded in the Chesapeake Bay. The low volume of anoxic
waters measured in 1979 and the absence of anoxia in 1985 are further indications that the
proposed trend of a 15-fold increase in anoxia is not supported by the data.
Since 60-90% of the nutrients delivered into the Chesapeake Bay are from nonpoint sources (Mackiernan et.al., 1983), nutrient deliveries from the watershed will also
correlate with streamflow. The dimensional analysis for the production of anoxia in bottom
waters provides a means for resolving the possible effects on anoxia of increasing benthic
and bottom water respiration. Assume that deliveries of annually increasing concentrations
of nutrients during the 36 years from 1950-1985 had resulted in annually increased rates of
respiration in benthic sediments and in the water column. Streamflow-induced stratification
has remained essentially constant over this same period. Therefore in the presence of the
same inhibition of vertical mixing increased respiration would have resulted in increased
rates of oxygen loss and consequently increased extents and volumes of anoxic bottom
waters during summer. Low streamflow years, producing weak stratification, which
would have resulted in negligible anoxia in the 1950's, should now result in significant
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Table 1. Calculated volumes of summer anoxic waters, volumes of late-spring Susquehanna River streamflows and sources of data on concentrations of D.O. during summer in
the Chesapeake Bay for the period 1950-1985.
(1)
(2)
Calculated
April+ May
Anoxic
Susquehanna R.
Total Axial
Reference
Volume
Streamflow
Cruise
Bay Stations
!M3 x 10-9)
(M3 x 10-9)
Year
Number
Dates
Occupied
1950

3,9

1.4

9.2

1952

4,9

4.7

1957

5,9

1958

14-19 Jul

17

12.5

15 Jul-6 Aug

17

1.8

10.5

23-26 Jul

12

6,9

8.5

16.3

6-22 Aug

17

1959

7,9

2.9

8.9

6-17 Jul

17

1961

8,9

4.4

12.7

19 Jul-1 Aug

17

24 Jul-7 Aug

17

1962

10

2.7

10.6

1965

11

<0.8

6.8

3-9 Aug

12

1969

12

2.7

7.3

5-8 Aug

12

1970

12

5.0

13.2

12-15 Aug

12

1978

13

5.6

13.4

18-20 Sept

14

1979

13

1.9

8.3

9-12 Jul

14

1980

13

3.8

11.5

23 Jul-2 Aug

14

1983

14

5.0

15.7

19-22 Jul

10

1984

14

6.6

14.6

22Aug

10

1985

14, 15

<0.8

5.7

Mar-Aug

Bay Bridge
Area

Table References: 1) Cronin, W.B. and D.W. Pritchard (1975). Additional Statistics on
the Dimensions of the Chesapeake Bay and its Tubutaries. Ches. Bay Inst. Special RPT.
#42, Ref. 75-3; 2) Estimated Streamflow Entering Chesapeake Bay - Monthly Summary
Reports. U.S. Geological Survey, Towson, Maryland; 3) Ches. Bay Inst. Data RPT.
#4, (1950); 4) Ches. Bay Inst. Data RPT. #18, Ref. 54-5, (1954); 5) Ches. Bay Inst.
Data RPT. #33, Ref. 62-1, (1962); 6) Ches. Bay Inst. Data RPT. #38, Ref. 62-6, (1962);
7) Ches. Bay Inst. Data RPT. #41, Ref. 62--9, (1962); 8) Ches. Bay Inst. Data RPT.
#47, Ref. 62-15, (1962); 9) Hires, R.l., et. al., (1963). Atlas of the Distribtion of
Dissolved Oxygen and pH in Ches. Bay 1949-1961, Graph. Sum. RPT #3, Ref. 63-4;
10) Ches. Bay Inst. Data RPT #48, Ref. 62-16, (1962); 11) Whaley, R.C., iet. al.,
(1966). Ches. Bay Inst. Spec. RPT #12, Ref 66-4; 12) Taylor, W.R. et.al., (1974).
Ches. Bay Inst. RPT #38, Ref 7 4-6; 13) Cronin, W .B., et. al., ( 1982). Ches. Bay Inst.
Open File RPT #28; 14) Unpublished Data - This Study; 15) Jonas, R.B., et. al.,
(1985). EOS Trans., Am. Geophys. Union ~:51, 1319.
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Figure 2. A. Annual April+ May streamflow volumes from the Susquehanna River for the
period 1950-1986, showing the large annual climatic variability characteristic of this
geographical region and the absence of any long term trend in streamflow. B. Annual
volumes of anoxic waters in the Chesapeake Bay during summer, for the period 19501985, showing large annual variability and the absence of any trend of increase in anoxia.

Year

1975

1985

anoxia. In order to test this hypothesis we assumed a linear model for the relationship
between annual volumes of summer anoxic waters and annual volumes of spring
Susquehanna River streamflow for the entire 36 year period. If nutrient-dependent
respiration had increased over this period, the co-variance between annual anmcic volumes
and annual spring streamflow volumes should be low, resulting in a non-significant Student's t test and a low Correlation Coefficient for the linear regression (Edwards, 1979).
On the other hand, if for some reason respiration had not changed significantly, a least
squares linear regression of annual anoxic volumes upon annual spring streamflow
volumes should be highly statistically significant by a Student's t test and consequently
have a high Correlation Coefficient.
The 16 years of data in Table 1 includes 6 years where summer D.O. data were
available only for July or September, when anoxic volumes might not have reached or
might have receded from their maximum values. In order to eliminate any possibility of
bias in the selection of data all of the data in Table 1 were included in the calculations. Fig.
3A is a superposition of the data of Figure 2A and 2B upon the same time axis. It implies a
direct correlation between calculated anoxic volumes and spring streamflow volumes for
the period 1950-1985. Fig. 3B shows the linear regression of these annual anoxic volumes
against annual spring streamflow volumes and a least squares fit of the data. The
regression coefficient± Standard Error was 0.67 ± 0.077. The Student t ratio, 8.8 for 15
degrees of freedom, was extremely significant at greater than the 99.99% confidence level
(Sokal and Rholf, 1969; Rohlf and Sokal, 1969). The Correlation Coefficient was 0. 92,
indicating that 85% of the total variance of annual anoxic volumes in the Chesapeake Bay
can be accounted for by regression of anoxic volumes on streamflow volumes. None of
the residuals was statistically significant. It might be expected that if the linear regression
were restricted to the years when D.O. measurements were made in August, when anoxia
might be presumed to be maximum, the Correlation Coefficient would be even higher. A
separate linear regression of these 10 sets of data had a Correlation Coefficient of 0.96,
with annual streamflow volumes accounting for 92% of the total variance in annual anoxic
volumes.
A second feature of the linear regression analysis in Figure 3B was the April+May
Susquehanna River streamflow threshold for anoxia of (5.8±1.0)xl09 m3. The mean
annual April+May Susquehanna River streamflow was (9.3 ± 3.3)x1Q9 m3 (SD; n=37).
Thus summer anoxia appears to be a normal characteristic of the bay, occurring on the
average in 7 out of 10 years. Its occurrence in bay bottom waters of the central bay was
reported as early as 1936-1937 (Newcombe and Horne, 1938). The years with the two
highest volumes (1958, 1984) and two lowest volumes (1965, 1985) of anoxic waters in
the Chesapeake Bay, had spring streamflow volumes within the ±95% Confidence Limits
of the annual streamflows.

Persistence of Stratification jn the Upper Bay
The persistence and the downstream extents of stratification during summer are
important features of the cumulative decreases in concentrations of D.O. in bottom waters
leading to anoxia as they progress upstream below the pycnocline.
The Chesapeake Bay is unusual among all of the east coast estuaries in that
Susquehanna and Potomac River streamflows during spring exceed the total volume of the
upper bay, as shown in Figure 4. The net result is that large spring streamflow pulses
produce sharply defined buoyant surface.plumes in the upper bay, with large bulk stratifications, ~S=13°/oo. Haloclines at depths of 10-12 m, separating the southward-flowing
surface plumes from the net northward-flowing bottom waters, are confined to a few
meters in thickness. Salinity gradients can be as as high as ~S/~z =3-6 °/oo m-1, resulting
in essentially complete inhibition of mixing of surface waters with bottom waters.

576

20

10

{a)

18

-

14

><
C"')

.

12

I

I
I
I

CV

E

-0

10

:

'

'
'

'

I

:

I
I
I

',•

•'

'....

8

I

•

'

I

:

'

\

\

'
'

\
\
\

4

~

:\

:

I

0
1945

\

\

,

\

\

I

I

:

I

I

1

I

• 1

I

.. :

'

1955

I

I
I
I

I
I
I

I

:

t

•'

,.

:
I

......
I

.

~,:.:

I

I

,

I

I

I

I,

I

""
\

I

\

\

/

~

I

I

I

..

I

I
\I

1965

,/

~:

I

:

=0.92

6

•

5
·4

1975

3

•

>

:

:

•

m

~

It

~

I

c

'
: ..

I

I

E

><

I

\

r

=-3.9 + 0.67 Stflow

0

'

~

-

........
(.)

I

I

\

Stream flow

••

~----------·

•

><
<

M

t'

I

I

. .
I

:

I

I

2

:~:'.:
••
::1'
I

I

I

V

7

-y-

I

''
..........

::

I

I

O>
I
0

I
I
I
I

I

I

.

t

I

I

I

I
I
I
I

\

:

I

-

.

:

I

:

'

\

I I

I
I

I
I
I
I

I

..
It

6

..

I

...

I

I

.

I

~

'

::J

>

.
'

','

I

I
I
I
I

I
I

.

.

,----------·

'

I

I

I

:'

<

E

:'

•

8

''
:''

. ..

,.,

I

T""

•
""
""
••
••
••
II

Ol

0

,,

•••

16

{b)

9

2

•

:

Anoxia

:
I

:
:

1

•

I

I

I
II
I

•

0

0

2

4

6

8

10

12

14

1985

April + May Flow (mA3x10-9)
Year
Figure 3. A. Annual volumes of April+May Susquehanna River streamflows
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The striking aspect of stratification in the upper Chesapeake Bay is that
stratification set up in late spring is qualitatively maintained until the fall overturn by
insolation and continued (although lower) streamtlow. The precise axial locations of the
plume fronts and the vertical density gradients will vary with daily and fortnightly phases
of the tidal cycles, but there is not sufficient tidal or wind frictional turbulent power in the
upper bay to dissipate the pycnocline completely. The variations are small compa.:·~d with
the total areal extents and gradients of the stratification. Even in the hot summer months
streamflow accounts for 90% of the density stratification. In the presence of significant
density stratification during the summer, anoxia is reached within a relatively short time in
waters submerging below the pycnocline and moving upstream by reverse flow. Since
bottom waters further upstream are already anoxic it appears as if there is a seasonal
downstream progression of anoxia. Total anoxic volumes measured in August are higher
than if measured in June or July, implying that water column respiration rates are highest in
the hottest period of summer. If measurements are made in September, subsequent to the
beginning of the fall overturn, anoxic volumes may be lower.
The persistence of late spring stratification into summer in the upper bay has been
verified from data taken for other reasons during our own research cruises over the 15 year
period from 1970 through 1984 (Loftus et.al. 1972; Subba Rao et.al. 1972; Seliger et.al.
1975; 1979; 1981; 1982; 1985; Tyler and Seliger 1978; 1981). Axial transects in different
regions of the bay included vertical profiles of water column salinities (densities). During
this period approximately 100 cruises of 3-4 day durations were made during springsummer, as often as biweekly. Vertical profiles of salinities along axial transects were
made in different regions of the bay at different phases of the tidal cycles during the 3-4
days. In a number of cases hourly vertical profiling was carried out at anchored stations
over complete tidal cycles. In 1983 and 1984, in addition to biweekly 3-4 day cruises,
hourly vertical profiles at an anchored station were made continuously over 2-3 week
periods. In the years 1971, 1976, 1981and1985, low Susquehanna River spring
streamflow produced minimal stratification in the upper bay. In 1972, Tropical Storm
Agnes disrupted the stratification pattern in June. In all of the other years vertical profiles
of salinity distributions in the upper bay showed the persistence of stratification from
spring into the summer months. Therefore, despite diel and fortnightly relaxations and
intensifications of stratification during flood and ebb, and spring and neap, tides respectively, two-dimensional, X-Z plots of isopleths of salinities (densities) measured at
intervals of days to several weeks can be assumed to form a continuous series of snapshots
of persistent stratification, at least in the upper bay (Tyler and Seliger 1978; 1981; Seliger
et.al. 1981).

Djssjpation of Stratification
As the buoyant surface waters delivered by a streamflow pulse flow southward
with time, the depth of the halocline and the magnitude of the stratification are continuously
decreased by the cumulative effects of tidal turbulent mixing, until at some latitude the
halocline intersects the surface, defining the plume front. Following unusually high
streamflow pulses the plume can temporarily extend throughout the bay and out into coastal
waters. Normally in the lower bay stratification has decreased sufficiently to allow partial
vertical mixing of the water column. This effect is strongest during the fortnightly spring
tides (Haas 1981). Therefore bottom waters in the southern bay may exhibit temporary
periods of hypoxia, but are not subject to summer anoxia. Stratification is dissipated
completely during the fall overturn, when colder air temperatures produce density
instabilities in surface waters. This partially to well-mixed condition remains throughout
the winter until ice melting and rainfall in the watershed of the Susquehanna River again
result in high spring streamflow pulses.

Possible Sources of Biota Loss Supplemental to Anoxja
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Increased nutrients may affect bay biota in more esoteric ways than anoxia, by
stimulating growth of previously poorly competitive food chains at the expense of desirable
species.
Increased rates of sedimentation in the tributaries of the bay and in the bay proper
have resulted in significant losses of productive shoals in the tributaries and along the
shores of the bay. Because of their shallow depths, these previously productive habitats
were minimally affected by the deeper anoxic waters below the pycnocline, even during
years of severe anoxia. These areas performed essential functions, as reserves for continued productivity and as seed areas for future years, when other, deeper, habitats below the
bay pycnocline suffered mortalities during periods of severe anoxia (Seliger and Boggs
1986). Since at present only habitats at intermediate depths remain viable, severe summer
anoxic episodes, which have always resulted in mortalities in intermediate depth habitats,
now affect a much greater fraction of the total population and are relatively more dramatic.
During the spring streamflow pulses, sediment carried into the bay from the
watershed of the Susquehanna R. most likely resulted in some light limitation of
photosynthesis in the upper bay. However at the present time the large sedime111t loads
carried by spring streamflow pulses so attenuate downwelling sunlight in the tributaries and
in the northern bay proper that the system becomes strongly light-limited with llnear light
attenuation coefficients (400-700 nm) as high as 4 m-1 . This results in a downstream
displacement of primary production and nutrient utilization, to latitudes in the Virginia
portion of the bay where sufficient light for photosynthesis is transmitted to the upper
meters of the water column. A similarly scaled phenomenon occurs in the tributaries.
However the upstream tributary locations of spawning of anadromous fish and therefore of
their larvae, are governed mainly by salinity and temperature. Thus because of water
turbidity due to sediment deliveries, the spatial distributions of the larvae in the tributaries
may now be mismatched with their phytoplankton-herbivore food sources.
Increased sediment loading of tributary streamflows may result in mortalities of
submerged aquatic vegetation in two ways: a) there can be significant absorption of light by
suspended sediment to below the compensation point for photosynthesis, and b) sediment
deposition on the aquatic vegetation now results in the excessive growth of epiphytic food
chains which absorb light. Loss of aquatic vegetation may adversely affect food chains
dependent upon this trophic level.

Discussion
1958 and 1984 represented the maximum measured volumes of spring streamflow
and anoxic waters. 1965 and 1985 spring streamflows were the lowest on record and
measured anoxic volumes were essentially zero. There were marked similarities between
the salinity isopleth distributions and the D.O. isopleths respectively, for 1958 and 1984,
consistent with streamflow-driven stratification as the controlling factor for anoxia of bay
bottom waters and therefore with the conclusion that there has been no trend in annual
anoxic volumes.
Anecdotal descriptions of extensive local summer mortalities of blue crabs
(Callinectes sapidus), oysters (Crassostrea vir~inica) and major fish kills (menhaden, white
perch, silversides, ... ) due to low oxygen in the Chesapeake Bay and in its tributaries have
characterized all decades since 1950 (Md. DNR Ann. Sum. Reported Fish Kills). There are
no indications of recent increases of mortalities, which might be expected had there been a
15-fold increase in anoxia.
The 16 years of survey data on D.O. concentrations analyzed in this paper include
our own surveys in 1983 and 1984, and our own and those of others in 1985. These
represent the most complete set of measurements available for the Chesapeake Bay. In two
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cases the absences of co-variance between variables were obvious from the graphical
presentations. These were the plot of annual volumes of spring streamflows versus calendar year, Fig. I, in which there is no trend of increasing streamflows, and the plot of annual
volumes of anoxic waters versus calendar year, Fig. 2, in which there is no trend of
increasing anoxia.The least squares linear regression used to analyze the dependence of
anoxia upon streamflow is a powerful statistical technique for determining how well
experimental data fit a proposed model. The extremely high statistical significance of the
regression analysis of annual volumes of anoxic waters on annual volumes of late-spring
Susquehanna River streamflows, Fig. 3B, was consistent with a model in which annual
benthic respiration had not increased and in which streamflow-induced stratification was
the controlling factor in anoxia.

In summary, we find no evidence for a 15-fold increase in anoxia in the
Chesapeake Bay since 1950, which has been used as the basis for a federal and multi-state
program for restoring the biota of the bay by reducing nutrient inputs. It is likely that
increased sedimentation has played a significant although indirect role in the modification of
species' success in the bay. An intensive research effort, aimed at understanding the
factors that have caused the dramatic declines in major commercial species of fish and
shellfish since 1950, would appear to be necessary before taking actions to restore these
species to their previous levels.
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INTRODUCTION
The Chesapeake Bay, the largest and one of the most productive
estuaries in the country, has long been the subject of much research
and study. Concern over the Bay's well being led Congress, in 1975
to direct the United States Environmental Protection Agency (EPA) to
initiate a comprehensive study of Bay water quality and living resources.
As a result, efforts to understand and protect the Bay have intensified,
with an ever increasing level of public awareness and understanding
of Bay water quality problems.
The initial phase of the EPA Chesapeake Bay Program study, completed
in 1983, concluded that the Bay's water quality and living resources
have indeed deteriorated as a result of pollution. Nutrient enrichment
was cited as one of several factors contributing to the Bay's. decline.
Lacking, however, was a tool to provide the cause-effect. link between nutrient loading and Bay water quality. In order that these
complex interrelationships could be better understood and quantified,
and to provide a tool to assist in evaluating the effectiveness of
alternative nutrient control strategies, the Chesapeake Bay Program
embarked on a comprehensive water quality modeling strategy for the
Bay in 1985. The initial phase of the strategy, the development of a
large segment, three dimensional steady state eutrophication model,
was completed in 1987. The final phase of work, the development of a
three dimensional, time variable eutrophication model with an active
sediment layer, was initiated in October, 1988 and scheduled for
completion by March, 1991.
The insights to the Bay's eutrophication process gained through
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the use of the steady state model will be discussed in this paper.
Those insights have been used to identify areas needing additional
research and monitoring, and to focus the subsequent time variable
eutrophication modeling effort on the most important processes affecting
Bay algal and dissolved oxygen concentrations.
STEADY STATE MODEL DESCRIPTION
The steady state model of the Chesapeake Bay is a large segment,
three dimensional, coupled hydrodynamic/water quality model designed
to assess the effect of nutrient inputs on phytoplankton growth and
dissolved oxygen levels. A complete description of the model, including
its calibration and sensitivity testing is given by HydroQual, Inc.

(1987).
The entire Chesapeake Bay and its major tributaries are modeled
using the horizontal segmentation shown in Figure 1. The main Bay is
segmented into five vertical layers with a coarse scale (10 km.) in
the horizontal plane. The major tributaries are segmented into two
vertical layers with similar coarse horizontal resolution. The
hydrodynamic model provides the circulation and transport which drive
the water quality model. Eleven state variables (salinity, phytoplankton,
the various forms of nitrogen and phosphorus, and dissolved oxygen)
are incorporated in the water quality analysis. Figure 2 presents
the principal kinetic interactions for the nutrient and dissolved
oxygen cycles. The major inputs to the model are freshwater flows
and water quality at the fall line, point and nonpoint source loads
below the fall line, atmospheric nutrient loads, and Bay bottom
sediment nutrient loads (both sink and source) and oxygen demand •

...

.... , ..a...

111UOGllt

1,.1v1•GOllt&
11111'•04111

CdeOllM:I°"'

an1111 or••..

FIGURE 1. Model Segmentation

FIGURE 2. Kinetic Structure of
Principal Water Quality Constituents

The water quality model has been calibrated to summer average conditions for 1965, 1984, and 1985, which are character~zed by different
freshwater flows, degree of vertical stratification, and nutrient inputs
from point and nonpoint sources. A comparison of the observed and model
computed values of the key hydrodynamic and water quality variables
shows that both the hydrodynamic and water quality models realistically
portray the important features of the Bay. Statistical comparisions
of between observed and model predicted values show that for di.ssolved
oxygen, the median relative error is less than 10%, with a median
absolute error less ~ an 0.5 mg/l. For total phosphorus, the median
relative error was less than 20%, with a median absolute error less
than 0.01 mg/l. The median relative error for total nitrogen was
less than 15% with a median absolute error less than 0.10 mg/l.
Chlorophyll a had the highest median relative error with values of
50% in 1965 and 1985, and 25% in 1984. The median absolute errors
for chlorophyll a were 5 ug/l, 2.5 ug/l and 3.8 ug/l for 1965, 1984
and 1985 respectively. The magnitude of the error in the chlorophyll
prediction reflects the patchiness found in chloropyyll data r1~flecting
localized growth which cannot be simulated with a large scale model
such as is being used for the Bay. The model does, however, r1~produce
the overall trend of the chlorophyll data.
CONCLUSIONS.FROM MODEL CALIBRATION AND SENSITIVITY ANALYSIS
The process of model calibration, in itself, provides much valuable
information regarding Bay water quality interactions. During and
following model calibration, the response of the Bay to changes in
model rates, processes and inputs were evaluated with a sensitivity
analysis. The insights gained and major conclusion reached as a
result of model calibration and sensitivity analysis are as follows:

1.

The change in the dissolved oxygen concentrations in the bottom
waters of the Bay occurring between 1965 and 1985 (increase
of hypoxia and anoxia area), is due to the combined effect of
increased oxygen demand and nutrient fluxes from the bottom
sediment, together with phytoplankton respiration and bacterial
oxidation.

2.

Based on observed data and model results, phosphorus is potentially the more limiting nutrient in the upper Bay while
nitrogen is potentially the more limiting nutrient in the
lower Bay.

3.

A nutrient budget calculated by the model indicates that the
Bay bottom sediments were the largest source of dissolved
inorganic phosphorus (DIP) and ammonia to the Bay during the
summers of 1984 and 1985. During that time it is estimated
that the bottom sediments contributed about 65% of the DIP
load and 45-57% of the ammonia load to the Bay.

4.

Bay water quality is controlled largely by the bottom sediment
oxygen demand (SOD) and nutrient flux rates, as well as the
degree of vertical stratification. The vertical stratification is primarily a function of freshwater flow. Higher summertime flows coincident with low wind velocity such as observed

during 1984, increases stratification thereby magnifying the
effects of the bottom sediment oxygen demand and nutrient release
with the result being lower dissolved oxygen concentrations in
bottom waters and higher chlorophyll concentrations in surface
waters.
5.

If SOD and sediment nutrient flux rates remain as observed
during the summer of 1984 and 1985, the model indicates that
neither point source controls nor fall line reductions have
any significant effect on main Bay water quality. This does
not imply that point source controls are not a viable management strategy, since controls will reduce the amount of
nutrients and organic matter deposited to the bottom sediments. Therefore, it is expected that SOD and nutrient release
rates will be reduced in time. A methodology has been developed which relates projected changes in sediment oxygen
demand and sediment nutrient release rates to reductions in
point and nonpoint source leads. This "sediment methodology"
is used in conjunction with the calibrated model to make projections of the effects of point and nonpoint source control
strategies.

RELATIONSHIP OF SPRING BLOOM TO SUMMER WATER QUALITY
One of the interesting differences between the two primary years
(1984 and 1985) used for model calibration involves the observed
dissolved organic nitrogen (DON) concentrations. The summer 1985 dissolved organic nitrogen concentrations are approximately twice those
observed during 1984. Figure 3 shows the monthly water column average
DON concentration for station CB4.3C, which is located in the center
channel of the Bay approximately halfway between the Potomac River
and Baltimore. The summer months, June through August have been
shaded for emphasis. All other monitoring stations located between
the Potomac River and Baltimore exhibit similar temporal patterns of
DON concentrations. Since chlorophyll-a levels during the summer of
1984 and 1985 are similar, it was not apparent why the dissolved
organic nitrogen levels were so different. The following hypotheses
were offered as possible explanations:
1.

Higher zooplankton populations and grazing in 1985 could
return more nitrogen to the organic pool.

2.

Lower nutrient recycle rates due to lower bacterial populations associated with slightly lower algal biomass in 1985
might result in more dissolved organic nitrogen accumulating
in the water column.

3.

The spring algal bloom in 1985, which died off in May, could
have released dissolved organic nitrogen from cell lysing
and breakdown of detrital phytoplankton cells. A spring
algal bloom did not occur during 1984 to the extent that one
occurred during 1985.

Although it was believed that the spring bloom hypothesis had
the most merit, it was not possible, at the time of model calibration,
to conclude which, if any of the hypotheses were correct. In order to
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reproduce the observed summer 1985 dissolved organic nitrogen concentrations, an additional source of dissolved organic nitrogen was required. This source was provided in the form of an equivalent sediment
flux of dissolved organic nitrogen, although it may not actually be
present as a sediment flux, depending on which hypothesis one subscribes
to. This sediment source of dissolved organic nitrogen was not
required to obtain a reasonable calibration to the summer 1984 data.
Following completion of model calibration, additional model sensitivity testing showed that the sediment flux of DON used in the 1985
calibration had a significant effect on the results of control scenario
projections. Considering the significant effect of the sediment flux
of DON, additional testing of the spring bloom hypothesis was conducted.
Water quality data, from 1984 to 1987 collected by the States of Maryland and Virginia as part of the Chesapeake Bay Monitoring Network,
was evaluated. Data are not available prior to July, 1984 when the
monitoring program was instituted. As shot,m in Figure 3, the summer
concentrations of DON for 1986 and 1987, in addition to 1985 are about
twice the concentration observed during the summer of 1984. In
addition, for 1985, 1986, and 1987 data, ~here appears to be a pattern
of a winter peak with late winter decline followed by a summer peak.
Although ~he 1987 data show a double peak, one in winter and one in
the spring, with subsequent decline followed by a summer increase,
the basic pattern is the same as 1985 and 1986.
When the chlorophyll'a' data is considered, it is apparent
that 1985, 1986 and 1987 all had significant spring phytoplankton
blooms, which subsequently died off in late spring. Figure 4 shows
the monthly water column average chlorophyll-a concentration for the
representative Station CB4.3C. The spring period, February through
May has been highlighted for emphasis. Each of these years, as
previously discussed, also exhibited increasing DON concentrations
from spring to summer. Therefore, the spring bloom/high summer DON
hypothesis appears to have some validity.
But why were the 1984 summer DON levels so much lower than
1985 through 1987? To help answer this question, phytoplankton
data collected during the spring, 1984 was obtained from Dr. Larry
Harding, Chesapeake Bay Institute, Johns Hopkins University. This
data confirms the fact that chlorophyll-a levels during the spring
of 1984 were on the order of 5-10 ug/l, significantly less than
the 20 ug/l - 35 ug/l level observed during the spring of 1985,
1986 and 1987. The lower chlorophyll-a values during the spring
of 1984 appear to be the result of the much higher freshwater flows
during 1984, which increase turbidity and decrease detention time.
The implications of the sediment flux of dissolved organic nitrogen have been determined to be significant. When model projections
are made regarding the impact of nutrient control strategies, using
the calibrated model for 1985, nitrogen control, in addition to even
a modest degree of phosphorus control is shown to have little effect.
Figure 5 shows the model prediction of chlorophyll-a for a phosphorus
only control strategy and a phosphorus plus nitrogen control strategy
compared to 1985 existing conditions. As can be seen, nitrogen
control in addition to phosphorus control produces little benefit
north of the Potomac River (km 110). Model projections of dissolved
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oxygen likewise show a negligible improvement resulting from nitrogen
controls. The reason this happens is that the sediment flux of DON,
which is maintained as a constant flux in the projections, supplies a
sufficient nitrogen load which, when coupled with even a small amount
of phosphorus control, produces a phosphorus limited condition in the
area of the Bay north of the Potomac River. It should be noted the
observed data as well as the model used for projection clearly show
that during the summer of 1985, the area of the Bay between the
Potomac River and Baltimore was in fact ~ttrogen limited. Therefore,
this entire area has shifted from a nitrogen limited condition to a
phosphorus limited condition with just a small degree of phosphorus
control. Additional significant removal of nitrogen is not enough to
overcome the effects of the sediment flux of DON and produce nitrogen
limitation in this area.
Using the calibrated model for 1984, which did not have a sediment
source of DON, one finds that nitrogen control strategies are effective
as far north as the Bay bridge (km200). This is also the same area in
which both the observed data and the model indicates as nitrogen limited
during summer 1984 conditions. Figure 6 shows the model prediction of
chlorophyll-a for phosphorus control only and phosphorus plus nitrogen
control scenarios. As can be seen, control of nitrogen plus phosphorus
results in about twice the improvement achieved by a phosphorus only
strategy.
To more directly test the sensitivity of the 1985 calibrated model
projections to the sediment source of DON, this source was removed
and the projections rerun. Not surprisingly, when the sediment DON flux
was set to zero, the control of nitrogen in addition to phosphorus,
produced very significant improvements in chlorophyll-a (additional
2000 X.

. ... .

40 I. REDUCT I ON OF P

40 /. REDUCTION OF P & N

LAYER 1

I

0

\

...
-·-·-·--·- ·-·

.
_,.-2so.

200.

l so

...
- -- .. _.

l 00

..

.
-

/

-·....1

.-

so

'K!'1)

FIGURE 7. Model Projections (1985 Circulation) of Chlorophyll-a
with Sediment Flux of DON Removed

reduction of 1-1.S ug/l) and dissolved oxygen (additional increase of
about 1.2 mg/l). Figure 7 shows a model prediction of chlorophyll-a
in which control of phosphorus only is compared to control of phosphorus
plus nitrogen. As can be seen, the incremental effect of nitrogen
control now extends up the Bay as far north as Baltimore (km250).
This is contrasted to the previous model projection which included a
sediment flux of DON. In that previous projection, nitrogen control
had little impact north of the Potomac River (kmllO). Therefore, it
can be concluded that the sediment flux of DON has a very significant
impact on determining which nutrient and to what degree that nutrient
controls algal growth in the Bay between the Potomac River (kmllO) and
Baltimore (km250). Based on the hypothesis that the spring bloom of
phytoplankton significantly controls the level of DON in the water
column during the summer it appears that control of the spring bloom
may be an important factor in determining the effectiveness of nutrient
controls, especially nitrogen, during the summer.
CONCLUSIONS
The steady state eutrophication model of Chesapeake Bay eVE!n
with the inherent limitations imposed by a steady state analysis, has
provided rnany useful insights to the Chesapeake Bay's water quality
problems related to nutrient enrichment. The importance of the Bay
bottom sediments and the potential importance of the spring bloom
has been highlighted. This information has been used to focus both
the Bay monitoring program for 1988 and the time variable eutrophication modeling project which the EPA Chesapeake Bay Program init:Lated
in the fall of 1987.
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INTRODUCTION
The use of water quality models to make environmental projections is popular in contemporary management circles. It is important, however, to relate model output in practical terms
to the attainment of beneficial uses; especially restoration of both a balanced ecological
system and the recreational and commercial resources which make man eager to pay the bill
for his transgressions. This paper is an approach to satisfy that immediate need in
Chesapeake Bay and is companion to App and Fitzpatrick (1988) elsewhere in this volume.
In an effort to efficiently allocate limited resources, the Environmental Protection Agency
(EPA), together with a cooperative state/federal management structure called the Chesapeake
Bay Program (CBP), sponsored development of a state of the art steady-state coupled hydrodynamic/water quality model (HydroQual, Inc. 1987). This computer model, known as the
Chesapeake Bay Program Steady-State Model, is used as a management tool to calculate and
project water quality conditions based on a number of management scenarios. The model
develops estimates of selected environmental conditions in the Bay and presents them as an
average summer "steady-state" condition (defined as the 62-day period covering July and
August). Many users and reviewers of the voluminous and complex model output have had
difficulty relating this product to meaningful improvements in the Bay's living resources.
In this paper, we present some of the mechanisms by which the estuarine ecosystem and
principally the benthos could respond to water quality improvement as restoration of
Chesapeake Bay progresses. The proposed approach is general rather than scenario-specific,
and can be applied to future runs of this and other water quality models. The results of these
processes, as they might be expressed in the natural system, are based on the best available
estimates made by qualified scientists in the areas of their expertise.

ACKNOWLEDGEMENTS:
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hypoxic volume and the exposure of benthic habitat to low oxygen was explored by Taft and
others (USEPA 1983a). In this paper, we emphasize that with respect to the model and
habitat change estimates we are working with the excellent data of other researchers. Our
contribution is to bring this work together to create a better understanding of potential
environmental response. Any errors attendant to this process are ours alone and should not
reflect on the primary investigators who have shared their ideas with us.
In particular, we wish to acknowledge detailed discussions with the following scientists and
researchers: Fred Holland and Mary Tyler, Versar/ESM; Denise Breitburg and Kevin
Sellner, Academy of Natural Sciences of Philadelphia; Jonathan Garber, Roger Newell and
Larry Sanford, University of Maryland; Jim Fitzpatrick, HydroQual, Inc.; Steve Jordan,
Maryland Department of Natural Resources; Charles App, Lewis Linker, Alan Beck and
David Hanson, U.S. Environmental Protection Agency. Charles Spooner, EPA/CBP
Director and Technical Coordinator Edward Stigall, generously supported us in accomplishing this work. Nina Fisher, Computer Sciences Corporation., produced the graphics and
layout.

THE PROBLEM AND OUR STRATEGY
Two principal nutrients, nitrogen and phosphorus, have been strongly associated with the
decline of environmental quality in Chesapeake Bay; specifically with eutrophication and the
resulting expansion of deep water hypoxia (USEPA, 1983b). Despite efforts to reduce
nutrient loads to the estuary, there is a continuing need for controls on both point and nonpoint nutrient sources, a need recognized in the 1987 Chesapeake Bay Agreement which
commits to a Baywide 40% reduction of both nitrogen and phosphorus by the year 2000.
The escalating cost for such controls, especially at a time when federal deficits demand fiscal
restraint, make decisions on the allocation of limited resources extremely painful. For analysis, we have chosen to use one of the model calibration years --1984. This was a relatively
high freshwater flow year which resulted in strong vertical water column stratification and
severe deep water oxygen depletion (Seliger et al. 1985). Over the years, the distribution
and duration of severe hypoxia has defined the survival and habitat range for many
ecologically important species in the Bay (N. Mountford et al. 1977).
We will evaluate potential effects on habitat conditions which could result from implementing either of two control scenarios of primary interest; a 40% reduction in total phosphorus loadings basin-wide (TP) and a 40% reduction in both tc•al nitrogen and total phosphorus (TN+TP). Phosphorus and nitrogen removal alternative~ are, of course, separated
by a substantial incremental cost to basin taxpayers. At the same time, the improvements
suggested by the model output are perceived by many agency decisionmakers to be relatively
modest. For this reason, in evaluating the scenarios we will portray potential emvironmental
results in terms of the incremental benefit from upgrading treatment from TP to TN+TP.
Whenever we seek to "force" the system a small distance further along the path of restoration, the apparent resistance is relatively great and the apparent benefits not so dramatic as
the previous increment. We suggest that biological mechanisms inherent in th~~ Bay may
loop back and enhance the relatively modest changes implied by the model results, producing improvements of real environmental significance.
We will deal with two principles, both of which will be expanded in tum:
1. The model indicates oxygen distribution with depth in the water column
would improve as the proposed pollution controls are implemented,
resulting in increased habitat suitable for living resources.
2. Such improvements in habitat with depth could result in pycnocline
tilting events impacting less benthic habitat than occurs under present
conditions in the Bay.
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HABITAT EXPANSION FROM IMPROVEMENTS IN OXYGEN
DISTRIBUTION AT DEPTH
The model estimates dissolved oxygen (DO) for each segment and at different depths in the
water column. For current conditions, these estimates represent quite well the observed
summer oxygen at different depths in Chesapeake Bay. For various pollution control scenarios these projections change, generally prcxlucing higher oxygen values which penetrate
deeper in the water column. This pattern is shown schematically (Figure 1) for two hypothetical conditions. When acceptable DO conditions extend to an increased depth according
to model calculation:;, a strip or perimeter of bottom previously exposed to unfavorable conditions could become suitable habitat.

A-8

Figure 1: Schematic representation of incremental habitat improvement. "A" scenario: unfavorable
conditions extend high in the water column. "B" scenario: unfavorable conditions are reduced and are found only at greater depth. "A-B" differential: represents an increment of
Bay bottom which is now potential new habitat.

Figure 2 is a hypsographic curve summarizing the bottom area of several hundred modeled
segments in Chesapeake Bay. Starting with segments having a modeled depth of 20 m, the
total additional bottom area encountered by rising up each meter in the water column can be
read along the abcissa. At right is the entire modeled area of the estuary, 7500 krn2. The
"shape" of this curve is typical for water bodies with a relatively constrained deep region and
rapid rise to a broad "shelf' region of substantially shallower depth.
The modeled structure of Chesapeake Bay superimposes "boxes" of varying dimension on
the Bay's natural contours. This scheme does not capture accurately the extremely deep
holes and narrow trench areas which exceed 20 m and even 30 m in a number of areas. The
estuary is, however, modeled (HydroQual, Inc. 1987) to contain the same volume as
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Chesapeake Bay. Cronin (1971) gives the accumulated area of the Bay as 6495 km2 but
when, as in the model, Tancier Sound (771 km2 ) and Pocomoke Sound (379 km2) are
added total area is 7645 km'2, within 1.9% of the model value (7500 km2). The model,
therefore, fairly represents the overall distribution of potential benthic habitat area at successive depths in the real estuary.
For this paper, output was structured to present bottom area at each of 73 unique depths
which occur in the model structure, and summer average oxygen exposure was calculated
for each spatial habitat element. The matrix for 1984 and the two management scenarios
under consideration has about 2000 entries. We have therefore used Occam's razor and
summarized the essential elements as Table 1. This table presents summer average exposure
of benthic habitat to varying degrees of hypoxia and DO levels equal to the state water
quality standards for both the calibration year and scenarios of 40% load reduction in TP
and TP+TN. The expected instantaneous minimum DO can be estimated (HydroQual, Inc.
1987) from any summer average value using the relationship:
DO(min) = 0.887 DO(obs-mean) - 0.937

Since this regression accounts for 92% of observed variance in the source data from
Chesapeake Bay monitoring (cf. Mountford and Mackiernan 1986), we believe summer
averages (represented by the specified ranges) are a reasonable depiction of habitat
conditions for the living resources of concern.
Model output can also be interpreted as water volumes with summer average DO equal to
the specified range. These volumes can be compared among scenarios to estimate
incremental improvements in habitat available to pelagic organisms (e.g. rockfish and bay
anchovy which swim free in the water column). Such an analysis is not included in the
present paper but may be of substantial environmental significance (Coutant, personal
communication).

Vertical distribution of oxygen exposure
Data from Table 1 have been grouped in accordance with the ranges proposed above and are
graphically displayed as a case comparison in Figures 3 A, B, and C (see page 599). These
596

histograms represent aggregation into 1 m depth increments and are shaded to depict the
severity of hypoxia. The denser the shading, the greater the environmental stress at a given
depth and the lighter the shading, the greater the improvement. The abcissa reads in square
kilometers of bottom surface area exposed to the indicated condition.
The 1984 calibration year used for this comparison clearly has the least favorable condition.
Simple inspection shows the reduction in extreme hypoxia forecasted to result from
imposition of the 40% TP reduction scenario. In the 40% TP+TN scenario for the summer
average condition elimination of extreme hypoxia is projected. Other categories of reduced
. oxygen are proportionately improved.

Table 1
Chesapeake Bay bottom (km2) exposed to varying degrees of hypoxia for 3
scenarios run on the summer-averaged Steady-State model

------------------------------------------------------Range of Summer Average Dissolved Oxygen Exposure (mg/I) *
Management
Scenario

0-0.5

0.5-1.0

1.0-1.5

1.5-2.0

2.0-3.0

3.0-4.0

4.0-5.0

>5.0

1984 Calib.

367.36

133.37

39.83

148.65

117.98

586.58

997.98

5107.73

48.80

299.17

141.01

86.74

188.48

481.24

1105.69

5223.33

0.00

136.37

230.99

90.81

231.04

368.27

972.53

5469.47

40%1P
40%1P+TN

* The DO ranges displayed are chosen to represent approximate "break-point" levels significant to the
biological community. These are arbitrary but convenient. Each is supported by a brief justification:
mg/l
mg/l
mg/l
mg/l
mg/l
mg/l
4.0-5.0 mg/l
> 5.0 mg/l

0.0-0.5
0.5-1.0
1.0-1.5
1.5-2.0
2.0-3.0
3.0-4.0

Inhospitable to living organisms other than sulfur bacteria
Some benthic organisms can tolerate limited (a few days) exposure
Region in which hypoxic benthic phosphorus flux may decrease by 85%
Probable acceptable exposure for demersal (sinking) fish eggs
Stressful, especially if prolonged (> 7 days), but probably non-lethal
Below the instantaneous water quality standard
Meeting the instantaneous water quality standard on average
Exceeding the water quality standard on average

Is the expectation of summer bottom DO above 1.0 mg/l a plausible one? So far as we
know, the earliest survey work for the Chesapeake and lower Potomac estuaries was done
in 1912 (Sale and Skinner 1917). Their worst case condition, in the lower Potomac towards
Point Lookout (a region today also characterized by summer anoxia) was described for 21
and 22 September, 1912, with the mean for six stations at 3.40 mg/land a range of
1.57-4.57 (converted from mH- 1 to mg·l- 1 with the ratio 1.4286 after Barnes, 1959). Sale
and Skinner" ... expected the maximum reduction in the DO content of the denser bottom
layer would occur at this season of the year, since the decomposable organic matter from
plankton form, vegetation, etc., is greater during the summer months, and bacteria which
assist in the breaking down of organic matter are most active at this season, because of the
higher temperature." In this they anticipated aptly our current understanding of the process,
if not the severity experienced today.
Lowest bottom DO in the mainstem Chesapeake (55% saturation) was observed 10 miles off
the mouth of the Rappahannock on 20 September, 1912. This translates to about 4.3 mg/l
(Fair and Geyer 1963). Off Annapolis they found about 5.2 mg/l, albeit on 3 October. These
values were both substantially lower than the surface values. It is interesting the authors
here also attributed the reduction in bottom DO to: "Broken-down submerged plants, leaves,
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elutriated soil and other debris which are carried into the estuary and bay by numerous
tributaries ...."

LIVING RESOURCE IMPLICATIONS
Except for the overharvesting of oysters, the living resources of this turn-of-the-century
Chesapeake were in good shape. If Sale and Skinner's data reveal the true condition of
bottom oxygen in 1912, it is heartening to consider what re-establishing these concentrations
could mean to a future Chesapeake.
In order to investigate the living resource implications of the model projections for benthic
communities in the Bay, it is necessary to interpret the water column model results in terms
of bottom surface area impacted. In this paper, we concentrate on those portions of the Bay
bottom currently exposed to varying degrees of hypoxia(< 3 mg/I DO--summer average).
The discussion of improvements focuses on these areas.
Holland and Shaughnessy (personal communication) have interpreted data from thousands
of benthic samples collected in Chesapeake Bay and related those data to habitat conditions
observed at their sampling stations. They provided the provisional data used to construct
Table 2. These data are based on samples for 1985 but Holland indicated that 1984 was a
substantially more productive year for the benthos and recommended that the original values
be increased by a factor of 2.0 for use in a 1984 scenario.

Table 2.
Provisional Numbers Characterizing Benthic Habitat Ecology in Chesapeake Bayt
Habitat Condition

Benthic Organism
Biomass

Annual Benthic
Production

(glm2)

Wm.2)

0.3-1.0

1.0-2.0
(mean 1.67)

11.25-37.:52 mg/g/d
(mean 8.9 g/yr)*

Less severe exposure
<30 days (cf: today's
30-40' contour)

1.7-2.4

8.56

57.01-190.03 mg/g/d
(mean 45.1 g/yr)

Consistent 1-2 mg/I
bottom DO

4.7-11.2

24.9

165.83-552.78 mg/g/d
(mean 13 l.2 g/yr)

Severe Hypoxia or
Prolonged Anoxia

* Potential Capacity
for Particulate Removal
6-20 mg/g dry wt/day

* "Potential" does not mean that the entire water column would be "cleared" of particles. Holland estimates
that shallower water columns (4-5 m) might be 60% cleared, while at 30-40 m depth only 10% of the water
~olumn might be cleared.
Source: Holland and Shaughnessy, personal communication, 1987.
Raising summer average bottom DO in substantial areas of the deep estuary (or in the case of
TP +TN, the entire estuary) to a level above 0.5 mg/I and frequently above 1.5 mg/I would
permit the colonization of these areas by benthic infauna (worms, clams, etc.). This colonization presently begins each year when a larval "set" occurs following the seasonal water
column mixing which re-establishes oxygen in bottom waters. Organisms from this set are
detected by sampling in less than a month. They are extirpated, however, late e:ach spring
when hypoxia first occurs.

Improvement in "long-lived" benthos
The areas subject to varying degrees of hypoxia shown in Figure 3 have been aggregated
into three categories to correspond roughly to the habitat groupings Holland and Shaughnessy considered in their analysis of actual benthic community data. These are shown in
Table 3.
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CALIBRATION

1984
0
2
3

6
7
8

!I

i

5
Q

40% REDUCTION OF TN & TP

1984

1984

0
.2
3
4
5
8
7
8
9
10
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14
18
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18
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20

4
5

f

40% REDUCTION OF TP

1:
11
14
16
17
18
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20
0

100

200

300

AREA (Sq. Km)

0

DO(mgll)

•
•

0.0-0.S
O.S· 1.0

•

1.0-1.1
1.5-2.0

0
0

2

3
4
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8
7
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8
9
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I

I
I
I

I
I

20

0

100

200
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100

200

300
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Figure 3

Table 3.
Aggregation of modeled benthic hypoxia exposure into habitat categories•
Model
Scenario

Severe Hypoxia or
Prolonged Anoxia
(0.0-1.0 mg/I)

Less Severe Exposure
(cf: 30-40' contour)
(1.0-2.0 mg/I)

Consistent Bottom
DO>mg/l
(2.0-4.0 mg/I)

1984 Calib.

501.03

188.48

704.56

40%TP
Removal

272.97

227.75

669.72

40% Removal
TN+TP

136.37

351.80

599.31

* Areas are based on data in Table 1 and are expressed as square kilometers bottom area.
The coefficients of Holland and Shaughnessy (Table 2) are combined with the aggregated areas (Table 3) to produce Table 4, an overall benthic community interpretation for the hypoxic
regions in Chesapeake Bay and potential habitat improvements projected by the model for this
sub-region of the entire Bay.
Areas with 00 remaining above 1 mg/l could begin to sustain "long-lived benthos,"
persisting for a year or more. As organisms grow in size their filtering capacity increases
markedly. This capability assists in the aggregation of flocculents into larger effective
particle sizes ("pelletizing"\ reducing resuspension through the production of mucilaginous
pseudofeces. The filtering potential of this expanded benthos under the 40% TP scenario
could remove 7.4 x 104 metric tons of particulate material;, 24% more than benthos under the
40% TP scenario in the 1984 calibration year. For the 40% TP+TN scenario, this potential
could rise to 9.4 x 104 metric tons, 40% more than the calibration year. While Holland's
caveat in Table 2 is fully appropriate, there is good precedent to cite the importance of
benthos as a contributor to particulate removal.
Newell (personal communication) has calculated that the overharvesting of oysters in the
Maryland Chesapeake has dramatically reduced particulate clearing capacity. He suggests that
in the 1880s filtering turnover time for the Bay could have been 3.8 days; in the mid-1970s
this increased to 97.2 days and with the 1987 oyster population estimated by the Maryland
Department of Natural Resources to 486.1 days.
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Table 4
Benthic Community Interpretation Summary for Hypoxic Regions of Chesapeake Bay
in the 1984 Model Scenario and two Projected Environmental Management Strategies
Management
Strategy

Summer Ave.
Bottom DO

Total km2
Bottom Area

g1m2

1984
Calibration
Year

40%TP
Removal
Scenario

40%TP+TN
Removal
Scenario

0.0 - 1.0
1.0 - 2.0
2.0- 3.0

0.0 - 1.0
1.0 - 2.0
2.0- 3.0

0.0- 1.0
1.0 - 2.0
2.0 - 3.0

-

Annual Benthic
Production

Benthic Organism
Biomass

Metric Tons g/rrt2/yr

Potential Removal
Benthic Organisms
Capacity for Particulate!: Consumed by Food
Chain in Region

Metric Tons

g1m2

Metric Tons

1653.4
3223.0
5875.4

17.8
90.2
262.

8923.1
17,000.9
30,910.8

--

-

56,834.8

3583.6

M. tons/yr. k=<l.33'

---

501.03
188.48
117.98

1.3
4.2
16.0

651.3
791.6
1887.7

3.3
17.1
49.8

-

-

3330.6

-

272.97
227.75
188.48

1.3
4.2
16.0

354.9
956.6
3015.7

3.3
17.1
49.8

900.8
4664.0
9386.3

17.8
90.2
262.

4858.9
20,543.1
49,381.8

----

-

-

4327.2
(23.3%)

-

14,951.l
(28.1%)

-

74,783.8
(24.0%)

4983.2
(28.1%)

136.37
351.80
231.04

1.3
4.2
16.0

177.3
1477.6
3996.6

3.3
17.1
49.8

450.0
6015.8
11,505.8

17.8
90.2
262.

2427.4
31,732.4
60,532.5

---

-

-

5351.5
(37.8%)

-

17,971.6
(40.2%)

-

94,692.3
(40.0%)

5989.9
(40.2%)

10,751.8

--

• K = 0.33 represents rounding to the mid-point of the "grazing range" 30-35%, see texl

Forecast biomass improvements
Relative to the calibration year, habitat improvements are projected by the modd which
would permit extension of increased benthic populations into regions of the Bay covering
some hundreds of square kilometers. The augmented biomass of such a benthos for the 40%
TP scenario is estimated at 4.3 x 103 metric tons, an increase of 23.3% over the calibration.
For the 40% TP+TN scenario, biomass is projected at 5.4 x 103 metric tons, 37.8% above
the 1984 calibration year.

Production of the benthic community
Calculated production for benthic communities accounts for losses by mortality and the
grazing of predators. This estimate includes the new living tissue accumulating and the
amount passed up the food chain to higher organisms, presumably including harvestable
fish and crabs. In Table 4, we have developed production estimates. For the 40% TP case,
production could rise 28% over the deep region value for 1984. For the 40% TP+TN case,
production could rise to 1.8 x 104 tons, 40.2% greater than the calibration year.

Potential pass through to the food chain
Holland estimates that from 30-35% of benthic biomass is grazed by predator organisms
in the estuarine system, so that (assuming 33%) the 40% TP scenario could result in
5.0 x 103 metric tons moving up the food chain in Chesapeake Bay. This quantity is 28.1 %
more than this region might have produced in the calibration year. For the 40% TP+TN
scenario, potential increment to the food chain is 6.0 x 103 tons, an increase ov er the 1984
calibration of 40.2%.
1

Improvement in shellfish habitat
Mature and healthy oysters, especially in low temperature conditions, can tolerate more than
a week with closed shells by respiring anaerobically (Beck and Hanson, personal
communication, 1987). Chesapeake Bay oysters, however, encounter low oxygen at high
temperatures (near 25° C) and usually just after or during their spawning period. At a time
when their metabolic rate and nutritional need is greatest and their energy reserves are least,
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exposure to hypoxic conditions is very stressful (Newell 1987). Over the past decades,
such repeated exposures have systematically eliminated the deeper oyster beds. The
absence of these beds correlates well with intrusions of severe hypoxia measured today. It
also correlates with the distribution of higher salinity and the occurrence of the major
oyster diseases MSX and "Dermo." But, it would surprise no one to find all these
prejudicial factors are synergistic. The fact remains that deeper oyster beds, once viable,
are no more.
Newell (personal communication, 1987) and others believe that deeper shellfish habitats,
once present in the pristine Chesapeake, cannot become re-established until they are
insulated from repeated (even though episodic) insults from low oxygen intrusion. This is
particularly important for juvenile oysters since swimming veliger oyster larvae appear to
die upon exposure to zero oxygen after about 18 hours. Severely hypoxic regions might
also be a "black hole" for oyster larvae spending any time there. At 20% oxygen
saturation, swimming larvae exhibit an avoidance response, swimming upwards in the
water column where they may be swept away from suitable attaching substrate and lost.
(Mann et al. 1987 and Newell, personal communication).
Using the database which supports
Table 1, we can estimate the aggregate
bottom areas impacted by DO levels
~ 4 mg/I . If we consider this as the
unacceptable long-term average
condition for successful shellfish
beds, the implication is that this
marginal habitat (1394 km2 during the
1984 calibration year) decreases to
only 1170 km2 with 40% TP removal,
an improvement of 223 km2 (55,186
acres). For the 40% TP+TN scenario,
the region below 4 mg/l summer
average decreases to 1057 km 2, an
increase in the region with potential
for oyster and clam production of 336
km 2 (83,099 acres). These incremental acreages are depicted as a
histogram in Figure 4 in which the
"worst case" (1984) is zero and is not
shown.

CHANGE IN BOTTOM HABITAT WITH
POTENTIAL FOR SHELLFISH PRODUCTION
100

400

338
80

300

ffia:

~
w
ljj

~

2

60

~
~
~

200

w

a:

<

40

§

~

i

100
20

Figure4:
Increases in bottom area with potential for
shellfish production projected for two
management scenarios; 40% reduction in
total phosphorus loading (TP) and 40%
reduction in both total nitrogen and total
phosphorus (TP+TN).
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Reduction in benthic phosphorus release
Where DO could be raised to 1.0-1.5 mg/l, this would substantially interrupt the chemical
reactions that release phosphorus from the sediments. The release of phosphorus is never
complete!~ ~nterdicted. As calculated in this model, ~owever, rates drop fr£m .about 8.0
mg·m·2.d- m the presence of severe summer hypoxia to about 1.2 mg·m- ·d m shallower
waters not experiencing these conditions (HydroQual, Inc. 1987). Projected changes
following implementation of the two management scenarios are detailed in Table 5 and
represent substantial reductions in phosphorus release to the water column.
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Table 5
Changes projected in benthic phosphorus release from bottom areas in Chesapeake
Bay with summer average DO below 1.0-1.5 mg/I converted to a higher oxygen
regime as a result of two pollution control scenarios

Scenario

km2

km2

Area
Change

% Change
kg/day*

Incremental
% Change
forTP+TN

Phosphorus
Release
(metric tons)

P Release
% Change

4.008 x 1()3

1984 Calib.

501.03

TP40%Rem.

272.97

228.06

-54.5

TP+TN40%

136.37

364.66

-72.8

~18.3

2.458 x 1()3

38.7%

1.529 x 103

61.9%

*Releases in kg/d represent the differential of hypoxia mediated release at 8 mg over the "baseline"
level of 1.2 mg for mid-Bay lateral regions above the pycnocline.

Figure 5: Schematic representation for pycnocline tilting events in Chesapeake Bay~ "A" scenario in
which unfavorable conditions reach high in the water column and tilting exposes large
"shelf' areas to low oxygen~ "B" scenario, following an incremental improvement, shows
unfavorable conditions are lower in the water column and a tilt of the same magnitude
results in less impacted bottom area.

HABITAT IMPROVEMENTS DURING PYCNOCLINE TILTING EPISODES
A second major environmental process, one not modeled by our current tools, is the
phenomenon of pycnocline tilting. This process is shown schematically in Figure 5, version
(A) representing tilt to some fixed angle with unfavorable conditions existing higher in the
water column and version (B) with the same angle of tilt following an improvement scenario
where unfavorable conditions are only encountered at a lower depth and a substantial region
of Bay bottom is spared the transient exposure.

The pycnocline, and the horizons of varying oxygen concentration below it, arc~ highly
dynamic zones. The term "seiche" has been loosely used to describe the transport of sub602

pycnocline waters up onto the shallower shelf lateral to the main channel. In fact, the term
"tilt" is better applied, and such conditions usually arise when a prolonged wind set "piles"
water up against one shore and deeper water upwells into the shallows of the opposite,
windward shore. In summer, this condition frequently occurs with a southwest wind, which
sets surface water east and establishes the return circulation to upwell water with low DO
onto the western shore (towards) the wind.

Explanation for curve of bottom half-areas
The result is that approximately half the Bay's shallow bottom is affected by reduced oxygen
concentrations. In order to depict this, the bottom area data in Figure 2 has been re-plotted
symmetrically in Figure 6 A, so that half the incremental area at each successive depth is on
the eastern and half on the western flank. The abcissa measures in square kilometers, both
left and right from the center. These are curves of bottom areas totalled for all the model segments, and are not a cross section of the Bay.
WATER'S SURFACE

Monitoring data and research
funded by the Chesapeake Bay
Program, Maryland DNR (Sanford and Sellner 1987) and
NOAA Sea Grant indicate that
the amplitude of these tilting
events can easily advect oxygenpoor waters inshore to depths of
3-4 meters. Documented events
have brought these conditions
wholly to the shoreline (personal
observations, 1982, 1987; and
Breitburg, 1987, personal communication). This latter circumstance is a condition usually described as a "crab jubilee" when
hundreds or thousands of organisms attempt to leave the water
and often many suffocate.
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Figure 6:
Curves of half bottom areas for
Chesapeake Bay: "A" with
pycnocline at rest around 10 m; "B"
with pycnocline tilted westerly up to
4 m depth, and "C" with pycnocline
tilted westerly up to 6 m depth,
exposing different areas to
sub-pycnocline conditions.

This condition may hold for as long as the wind field persists, a period which can last a
matter of hours or several days (Sanford et al. 1987). When the wind forcing ceases, the
Bay rocks laterally back and forth like a tub of water, with a calculable period. This wave is
a "seiche" and the period for a full cycle of the pattern, the seiche period. The holding
pattern is usually the problem, not the seiche. Long exposure to oxygen deprivation can
readily exceed the survival times of key organisms.

Habitat improvement during pycnocline tilting events
The bottom habitat areas potentially affected by such conditions are shown in Figures 6 B,
and 6 C. The areas impinged range from 875 km 2 for an intrusion of 6 m to 2180 km 2 for
an intrusion of 4 m depth. These are tremendous areas, but inspection of Figure 7 ( generated from the database of Goldsmith and Hutton 1977) showing detailed bathymetry for the
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10 KILOMETERS

1 METER BATHYMETRY CONTOURS FOR MD· CHESAPEAKE 13AY
Figure 7: Middle (Maryland) reach of Chesapeake Bay with 1 m contours shown (Data Source:
Goldsmith and Hutton 1977).

middle 88 km reach of Chesapeake Bay indicates large areas can be covered by a lateral
pycnocline tilt of a few meters.
The frequency of such intrusion events has not been well documented in the past, since they
require continuous recording equipment deployed in a hostile environment. During several
recent survey periods, including deployments of a month or more (Sanford and Sellner,
1987; Breitburg, personal communication), enough events have been observed that one can
estimate in an "average" year that perhaps six events occur; four of intermediate intensity
(DO s 2 mg/1) and possibly two of severe intensity (DO 5. 0.2 mg/1). Both classes of events
can persist sufficiently long for environmental damage. Much more work needs to be done
with respect to such continuous data series since the frequency and duration of events determines magnitude of impact.
Currently proposed management strategies are not directed at changing these intrusion
frequencies or duration. The improvement in DO conditions to greater depths in the water
column, however, would quickly impact their severity. Achieving the TP+TN scenario is
projected to result, on the average, in virtually no extremely hypoxic water (!:; 0.5 mg/l)
available for intrusion onto the Bay's shelf regions.

CAVEATS TO THESE PROJECTIONS
MOO.els simplify reality in order to deal with the complexity that confronts us when we try to
interpret the natural world. This simplification process is inherently hazardous, as workers
found when the Potomac Estuary Model was unable to reproduce observed algal concentrations during a major 1983 bloom (Mutman and Masse, 1985). Subsequent research suggested that a previously unrecognized feedback mechanism between the sediments and water
column had operated to mediate the bloom (Seitzinger, 1985). Such mechanisms could easily be encountered again in Chesapeake Bay.
Some workers (Magnien, personal communication) expect that reductions in nutrient
loadings would not necessarily result in incremental improvements of DO with depth, but
rather in a gradual overall rise in average sub-pycnocline oxygen. We have no way of
directly evaluating this possibility but note that the mcxi.el calculates oxygen distribution as
we have analyzed it.
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As noted above, disease has severely impacted shellfish communities in the Bay and it is
possible that improved DO levels in subpycnocline habitats may not be sufficient to overcome the positive association of disease organisms with higher salinity.
There is no a priori reason to assume that in the future, following implementation of control
scenarios, Chesapeake Bay will behave according to the kinetics used in this model; a construct based on observations from past years. As a working assumption, however, the Bay
has shown considerable homeostasis in the past as man disrupted its once accustomed operation and it is likely to do so in the future. We believe that, if anything, the synergisms
which might emerge would be more progressive than retrogressive.
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Variability of Dissolved Oxygen in the Mesohaline
Chesapeake Bay
L.P. Sanford
University of Maryland
Hom Point Environmental Labs
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K.G. Sellner and M.H. Bundy
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Benedict, MD 20612

Time series measurements of dissolved oxygen (DO) concentration were
made at 5 locations (4 stations) across the mid-Chesapeake Bay and up the axis
of the lower Choptank River during the summer of 1987. The data were
collected with ENDECO Pulsed DO Sensors, sampled at 5-15 minute intervals.
Near continuous records were obtained from 17 July to 9 September. In the
best case, an estimated accuracy of about 0.1 mg/l was achieved. Simultaneous
measurements of temperature, salinity, and current speed and direction also
were made at most locations.
The data reveal a remarkable degree of short term variability in DO
concentrations; fluctuations of 1-5 mg/l over intervals of minutes to days are
not uncommon. The standard deviation of near-bottom DO concentration is 1-2
mg/l on the eastern and western flanks of the Bay, and less than 1 mg/l on the
eastern side of the deep trough. Records from different locations are both
qualitatively and quantitatively different. Comparison to salinity and
current data indicates that much, but not all, of the observed high frequency
variability is advective. Physical processes that may lead to advective
changes in DO are high salt/low DO intrusion, horizontal advection of spatial
patchiness, internal waves, and tidal mixing or resuspension.
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Metabolic and Respiratory Compensation During Long Term Hypoxia
in Blue Crabs, Callinectes sapidus
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ABSTRACT
The present work describes physiological mechanisms that
permit blue crabs, Callinectes sapidus Rathbun, to survive
hypoxia for as long as 25 da.
Blue crabs were exposed to
hypoxia (4S to SS mmHg) at 21-23 °c, 16 °/oo for as long as
2S days.
The initial response to hypoxia was hyperventilation and an increase in heart rate.
Both increases persisted
for several days in hypoxia, but by S days, there was
evidence of abatement of the responses.
Despite the increase
in blood flow and in water flow over the gills, blood oxygen
tension fell from .£.!,• 98 to 18 mmHg in the first 24 hours.
Simultaneously, total carbon dioxide increased twofold and pH
remained stable, both responses continuing unchanged for the
entire exposure.
The internal hypoxia was not so severe as
to result in a significant increase in blood lactate, suggesting that metabolic demands were met aerobically.
Mitochondrial density was greatly reduced in muscle tissue of crabs
exposed to hypoxia for 20 da., indicating that some of the
long term changes may not be readily reversible upon return
to normoxia.
The compensatory response of blue crabs to
hypoxia occurs during the first 24 h and persists for seireral
days while other, metabolic mechanisms are initiated.
The
metabolic adjustments include alteration of the subunit composition of the respiratory pigment, hemocyanin, changing the
equilibruim point of the hemolymph acid-base system, and
resorption of most of the mitochondria present in skeletal
muscle.
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INTRODUCTION
The effect of ambient oxygen levels on respiratory fun·
ction of aquatic decapod crustaceans has been the subject of
investigation for more than five decades (Fox and Johnson,
1934).
Few investigators have examined the response of deca·
pods to hypoxia of more than a few hours, and previous such
work is on macruran decapods (McMahon et al., 1974; McMahon
et al., 1978; Butler et al., 1978; Wilkesand McMahon, 1982a,
T982b).
Generally, the two types of responses which animals
exhibit during hypoxia are classified as respiratory or meta·
bolic.
Respiratory responses are those which increase the
uptake and/ or transport of oxygen via changes in ventilation
or perfusion of the respiratory surface, or by reducing the
diffusion barriers at some point in the oxygen transport
circuit.
Metabolic responses are those involving a cellular
process affecting oxygen demand, carbon dioxide production or
the level of an ion or molecule that modifies respiratory
function (i.e. hydrogen ion concentration).
Both lobster (McMahon ~ ~., 1978; Butler et al., 1978
and crayfish (McMahon et al, 1974; Wilkes and McMahon, 1982a,
1982b) increase the ventlfatory flow of water through the
branchial chamber and increase heart rate during hypoxia.
These responses enhance the convective transport of oxygen
during conditions of limited oxygen supply.
Lobster and
crayfish both utilize compensatory respiratory responses
during the short term, but make metabolic adjustments over
longer periods (>3 da.).
These metabolic responses modify
the oxygen affinity of the respiratory pigment, hemocyanin,
but via different routes.
The lobster exhibits an increase
of pH for at least part of the hypoxia, and crayfish elevate
oxygen affinity via an undetermined mechanism.
At least one
other species, the brown shrimp Crangon crangon, is capable
of actually incrasing hemocyanin concentration when exposed
to moderate hypoxia for 20 da. or longer (Hagerman, 1986).
The present research extends the observations that have
been made on macruran species to the euryhaline blue crab,
Callinectes sapidus Rathbun.
Blue crabs may be exposed to
conditions of low oxygen annually, when part of the central
Chesapeake Bay becomes anoxic during the summer months. Areas
adjacent to or overlying the anoxic zone may have severely
reduced oxygen levels, and animals such as blue crabs, migra·
ting through these areas will be exposed to hypoxia for at
least hours, if not longer.
Even 2 h exposure to 10% air
saturated water results in a substantial increase in hemo·
lymph lactate (Lowrey and Tate, 1986; Lallier et al., 1987).
Considering that lactic acid is the end product-Of-anaerobic
metabolism in crustaceans (Phillips et al., 1977), it is
clear that hypoxic exposure limits the i"etabolic scope of
these animals. The extent and nature of the limitation is
one of the topics presently under investigation.
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METHODS
Intermolt male blue crabs (110-280 g.) were collected
from local waters near the mouth of the Rhode and Patuxent
Rivers, MD using a beach seine, crab pot or oyster dredge.
Crabs were collected by hand when possible, however, during
the winter months, it was necessary to obtain the animals
from local fisherman.
Crabs were returned to George Mason
University and maintained in recirculating, aerated seawater
(P o2 =130-140 torr;
16°/oo) at 20-21°c.
Upon return to the
latoratory, the animals were acclimated for approximately 1
week and were fed a diet of frozen fish prior and during
experiments, except those animals in which ventilation was
measured.
Blue crabs were exposed to hypoxia (33% air saturation
or less, 45-55 torr) for 5 to 25 da. using nitrogen gas to
displace oxygen from the water.
Hypoxia was maintained using
a control system which used the output of an oxygen electrode
and meter (Instrumentation Lab.) as the input signal upon
which was based the control of an electric gas valve. The
control system was set to maintain ambient oxygen at approx!·
mately 50 torr.
The controller balanced ambient oxygen by
allowing nitr6gen gas to flow through a regulator valve only
when P 1 o 2 rose above 50 mmHg.
Two aspects of the responses to low oxygen were examined.
First, the ventilatory and circulatory responses were
determined by measuring ventilation and heart rate.
Measure·
ments were made only during the shorter term experiments in
which crabs were exposed to hypoxia for 5 da.
In 7 da.
exposure and in the longer experiments, hemolymph (blood)
variables were measured before, during and, in some cases,
following hypoxia.
Hemolymph oxygen tension (POz), total
COz, pH, lactate, protein and inorganic ions were measured
from postbranchial hemolymph samples.
Heart rate was measured using an impedance technique
(Ansell, 1973) in which two fine (0.005") teflon coated
stainless steel wires were implanted over the heart.
The
signal resulted from the change in impedance due to heart
beating, detected using an impedance converter.
The signal
from the converter (UFI model 2991) was amplified and displayed on a pen recorder (Narco model Mk-IV).
Water flow over the gills was measured directly using
the technique described by deFur and McMahon (1984) in which
the water flow was funnelled through a polyethylene "mask"
and flow detected by an electromagnetic flow probe and flow·
meter (BLI model 610).
The flowmeter and probe system was
calibrated using a manometer (Gilson).
The output from the
flowmeter was amplified and displayed on the same pen recorder as heart rate.
Recordings of ventilation were analyzed
in entirety by measuring the area under the flow recording,
using a digitizing scanner (Hewlett-Packard 9825A and 9874A).
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Postbranchial (arterial) hemolymph was sampled via holes
drilled in the carapace dorsolateral to the heart and covered
with latex rubber affixed with cyanoacrylate.
Animals were
permitted at least three days recovery from preparations
before being used in an experiment.
Hemolymph samples were
withdrawn into iced 1 ml glass syringes which were
immediately replaced on ice to slow the clotting.
The
following hemolymph variables were measured, though not all
variables were measured on all samples:
pH, oxygen tension
(P02), total carbon dioxide (Cco2), lactate concentration,
protein, osmolality and chloride.
Procedures previously
published were used to measure all variables and the reader
is referred to papers by deFur !.!_ ~· (1988) and Mangum et
al. (1985) for details.
In vivo pH, Po2 and Cco2 were
measured immediately, ancr-otner- variables were measured later
on prepared samples.
Protein was measured using the Biuret
method and lactate was determined with the modifications
suggested by Graham !:,! ~· (1981).
The crabs used for electron microscopy were obtained in
August 1987 from the Patuxent River, MD.
Tissues were fixed
using a combination of vacular perfusion and immersion.
Crabs were removed from the aquarium, placed into a finger
bowl of seawater with 2% glutaraldehyde, bufferred to pH 8.0.
Fixative was injected into the pericardial sinus and into the
second joint of the swimming appendage.
The exoskeleton was
then removed from the second segment of the fifth leg, the
tissue removed and cut into O.Smm cubes, and placed into
vials of fixative.
The vials were placed on a slow shaker
and gently agitated during fixation at 20°c for 9 h.
The
tissue was then washed three times in bufferred seawater,
post-fixed in 4% osmium tetroxide and incubated for an additional 5 h. The tissue was washed three times in bufferred
seawater, dehydrated in ETOH, placed in propylene oxide and
embedded in "Spurs" embedding plastic.
Sections were stained
with 2% uranyl acetate and Reynold's lead citrate for 10 min
each and examined on a JEOL lOOc electron microscope.

RESULTS
The respiratory responses (ventilation and circulation)
during five days hypoxia were initiated largely during the
first 24 h of hypoxia (Figs. 1 and 2).
Mean ventilation
increased approximately 100% (Fig. 1) as heart rate was
elevated by 20% (Fig. 2).
The changes in mean ventilation
between days 1 and 4 of hypoxia were not significant, but
mean ventilation on day 5 was significantly lower than the
highest value, recorded on day 2 of hypoxia.
Heart rate was
also significantly elevated during the first three da. of
hypoxia, but declined thereafter and was not significantly
different from mean heart rate before hypoxia. By 24 h after
returning to normoxia (150 mmHg), mean ventilation and heart
rate had declined to values which were similar to and not
significantly different from initial values.
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Ventilation also was measured in three animals during
seven days of hypoxic exposure and one day of recovery in
normoxia • The individual responses of these crabs were
consistent with those observed in the crabs exposed to
hypoxia for 5 da.
Unlike the results from the 5 da. exposure
there was considerable variability in the responses during
days 4 to 7.
Upon return to normoxia, there was a consistent
decrease in ventilation, as in the other experiment.
Postbranchial (arterial) oxygen tension (Po2) decreased
dramatically from a mean of nearly 100 mmHg to only 18.1 mmHg
by 24 h of hypoxia (Fig 2).
This internal hypoxia was accompanied by an increase in total carbon dioxide (Cco 2 ),
approximately 95% of
which exists in the
hemolymph as HC03 •
(Truchot, 1976).
Hemolymph pH did not
.change
significantly
c:
throughout the hypoxia
e I
or after return to
normoxia (Fig.2) de·
spite the increased
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to locate any. Mitochondria present were substantially
smaller than those in muscle from normoxic crabs.
Although
not quantified, there seemed to be an increase in the total
cross sectional area occuppied by sarcoplasmic reticulum.

Fig. 2. Postbranchial oxygen tension (A), pH (B), and
total C02 (C) of blue crabs in hypoxia (SO mmHg) for 7 da, 22
C, 16 °/oo.
Data are X + s.E.,n=8. Day data 8 are recovery.

DISCUSSION
The response to hypoxia in blue crabs is an increase in
water flow over the gills and blood flow through the gills,
this latter assumes that cardiac stroke volume does not
decrease.
These responses are compensatory in elevating the
rate of delivery of oxygen to the site of oxygen uptake and
to the site of utilization.
The response is obviously effec·
tive over at least S da. and perhaps somewhat longer.
There
was some evidence for an increase in the effectiveness of
oxygen transport across the respiratory surface during hypo·
xia.
The diffusion gradient decreased from approximately 40
mmHg in normoxia to ca. 30 mmHg in hypoxia, a decrease of
25%.
Nevertheless, the oxygen supply to the tissues was
sufficient to meet the metabolic demands aerobically, as
evidenced by the absence of lactic acid build up in the
hemolymph.
The decrease in ambient oxygen tension undoubtedly limits
the oxygen transport capacity of the respiratory system. At
the low arterial Po 2 measured here, the respiratory pigment,
hemocyanin, may not be fully saturated
with oxygen at the
gills.
The oxygen affinity of blue crab hemocyanin is appro·
ximately 12 mmHg under the present experimental conditions
(deFur !..!_al., 1988). Thus, at an arterial Po 2 of 18 mmHg,
the hemocyanin will be nearly fully saturated in transit
through the gills. As arterial Po 2 decreases further, how·
ever, the loading of oxygen at the respiratory surface will
be compromised unless oxygen affinity is increased.
There is
a decrease in Pso of the hemocyanin (deFur !.!_ .!..!..•, 1988), but
the timing is not exactly coordinated with the further
decrease in arterial Po 2 from 18 to 12 mmHg (Fig. 2) and the
decrease in ventilation (Fig. 1).
The increase in affinity
occurs between 7 and 20 days (deFur et al., 1988) permitting
an increase in oxygen saturation of hemocyanin at the gill.
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Other aquatic decapods, including the related species,
Carcinus maenas, (Lallier et al, 1987) exhibit an alkalosis
during de c 1 in in g oxygen.
McMahon et a 1. (19 7 8 ) con c 1 u de d
that the initial alkalosis in lobsterresulted from the
hyperventilation which increased the loss of dissolved carbon
dioxide at the gills. Burnett and Johansen (1981), however,
addressed that point by artificially ventilating crabs at a
range of flow rates to determine the relationship between
flow and hemolymph pH. They concluded that ventilation alone
did not determine pH under the experimental conditions used.
The present results are consistent with that conclusion and
suggest that metabolic mechanisms act in concert with respiratory ones.
In the present work, such metabolic mechanisms
may be changes in levels of Ca++, Na+ or in the buffering
properties of hemocyanin with a different subunit composition.

LITERATURE CITED
Ansell, A.D. 1973. Changes in oxygen consumption, heart rate
and ventilation accompanying starvation in the decapod
crustacean Cancer paguris. Neth. J. Sea Res. 7: 455-475.
Burnett, L.E. and K. Johansen. 1981. The role of branchi.al
ventilation in hemolymph acid-base changes in the shore crab
Carcinus maenas during hypoxia.
J. Comp. Physiol. 141: 489·

494.

Butler, P.J., E.W. Taylor and B.R. McMahon. 1978. Respira·
tory and circulatory changes in the lobster (Homarus
vulgaris) during long term exposure to moderate hypoxia.J.
Exp.Biol.73:131•146.
deFur, P.L., C. P. Mangum and C.L. Reiber. 1988. Metabollc
compensation in blue crabs, Callinectes sapidus, during long
term hypoxia. Biol. Bull. (submitted).
deFur, P.L., D. Nusbaumer and R.J. Lewis. 1988. Physiologic!
aspects of molting in blue crabs from the tidal fresh-water
Potomac River, Virginia. J. Crust. Biol. 8: 12-19.
deFur, P.L. and B.R. McMahon. 1984. Physiological
compensation to short term air exposure in Red Rock crabs,
Cancer productus Randall, from littoral and sublittoral
habitats.I. Oxygen uptake and transport. Physiol. Zoo!. 57:
137-150.
Fox, H.M. and M.L. Johnson. 1934. The control of respiratory
movements in Crustacea by oxygen and carbon dioxide. J. Exp.
Biol. 11:
Graham, R.G., N.B. Terwilliger and C.P. Mangum. 1981. The
lactate sensitivity of hemocyanin from the Dungeness crab,
Cancer magister.
Comp. Biochem. Physiol. 74A 45-50.
Hagerman, L.

1986.

Haemocyanin concentration in the shrimp
614

Crangon crangon (L.) after exposure to moderate hypoxia.
Comp. Biochem. Physiol.
BSA: 721-724.
Lallier, F., F. Boitel and J.P. Truchot.
1987.
The effect
of ambient oxygen and temperature on haemolymph L-lactate and
urate concentrations in the shore crab Carcinus maenas.
Comp. Biochem. Physiol.
86A':255-260.
·.owery, T.A. and L.G. Tate.
1986.
Effect of hypoxia on
hemolymph lactate and behavior of the blue crab Callinectes
sapidus Rathbun in the laboratory and field.
Comp. Biochem.
Physiol.
85A:689-692.
Mangum, c. P., B.R. McMahon, P.L. deFur and M.J. Wheatly.
1985. Gas exchange, acid-base balance, and the oxygen supply
to the tissues during a molt of the blue crab, Callinectes
sapidus. J. Crust. Biol. 5: 188-206.
Mc Mahon , B. R. , P. J. But 1 er and E • W. Tay 1 or • 1 9 7 8 • Ac id - b'a s e
changes during recovery from disturbance and during long term
hypoxic expos»re in the lobster Homarus vulgaris.
J. Exp.
Zool. 205:361-370.
McMahon, B.R., w.w. Burggren and J.L. Wilkens.
1974.
Respiratory responses to long-term hypoxia stress in the
crayfish Orconectes virilis.
J. Exp. Biol. 60:195-206.
Pease, A.L., P.L. deFur and c. Chase.
1986.
Physiological
compensation to long term hypoxia in the blue crab,
Callinectes sapidus.
Am. Zool. 26:122A.
Phillips, J.W., R.J.W. McKinney, F.J.R. Hird and D.L.
MacMillan. 1977. Lactic acid formation in crustaceans and the
liver function of the mid·gut gland questioned. Comp.
Biochem. Physiol. 56B: 427· 433.
Truchot, J.P. 1976. Carbon dioxide combining properties of
the blood of the shore crab, Carcinus maenas (L.): carbon
dioxide solubility coefficients and carbonic acid dissocia•
tion constants. J. Exp. Biol. 64: 45-57.
Wilkes, P.R.H. and B.R.McMahon.
1982.
Effect of maintained
hypoxic exposure on the crayfish Orconectes rusticus. 1.
Ventilatory, acid-base and cardiovascular adjustments.
J.
Exp. Biol. 98:119-137.
Wilkes, P.R.H. and B.R. McMahon. 1982. Effect of maintained
hypoxic exposure on the crayfish o. rusticus: 2. Modulation
of haemocyanin oxygen affinity.J.Exp.Biol. 98:139-149.
ACKNOWLEDGEMENTS
This work is a result of research sponsored in part by NOAA
Office of Sea Grant, u.s. Department of Commerce, under Grant
No. NA85AA·D-SG016 to the Virginia Graduate Marine Science

615

Consortium and Viginia Sea Grant College Program.
The U.S.
Government is authorized to produce and distribute reprints
for governmental purposes notwithstanding any copyright
notation that may appear hereon.
The authors are grateful for the excellent technical
assistance of Carl Reiber.

616

CONCURRENT SESSION:

SUBMERGED AQUATIC
VEGETATION
Chairs:
Robert J. Orth and Ken Moore
Virginia Institute of Marine Science
College of William and Mary

Contributions by:
Bert Brun
Linda Hurley
U.S. Fish and Wildlife Service
Annapolis, Mary land

J. Court Stevenson
University of Maryland
Hom Point Environmental Laboratory
Cambridge, Mary land

Richard Batiuk
U.S. Environmental Protection Agency
Chesapeake Bay Program
Annapolis, Maryland

Frank Dawson
MD Department of Natural Resources
Annapolis, Maryland

Stan Kollar
Harford Community College
Bel Air, Maryland

Virginia Carter
Nancy Rybicki
U.S. Geological Survey
Reston, Virginia

Understanding the Estuary: Advances in Chesapeake
Bay Research. Proceedings of a Conference. 29-31
March 1988. Baltimore, Maryland. Chesapeake Research
Consortium Publication 129. CBPITRS 24188.

Submerged Aquatic Vegetation in the Chesapeake Bay:
A Barometer of Bay Health
Robert J. Orth and Kenneth A. Moore
Virginia Institute of Marine Science
School of Marine Science
College of William and Mary
Gloucester Point, Virginia 23062

INTRODUCTION

In 1978, a program was initiated in the Chesapeake Bay
region to investigate the decline of submerged aquatic
vegetation (SA V), potential factors that may have led to
its decline, its distribution and abundance, and its .role
..ind value. The program began with little available
background data, but some very basic questions about
SAV in the Bay were answered in the approximately
three years of research that were funded. For example,
it was determined that the decline of SAV was Baywide. All SA V species were affected and the decline
was unprecedented in the recent history of the Bay. A
second important finding was that the decline of SA V
was most probably not related to any specific contaminant per se (e.g., herbicide contamination) but appeared
to be related to deteriorating water quality in the Bay.
Research has demonstrated that SA V species are very
sensitive to environmental perturbations, especially
those that affect the quantity of light reaching the plant
surface.
Managers and citizens have become increasingly
aware of the importance of SA V in ensuing years, and
citizens have become actively involved in several
programs such as the SAV Hunt program, which has
provided ground-truth information to the Bay-wide
aerial monitoring program. Both Maryland and
Virginia have also initiated efforts to restore SA V in
currently denuded areas and to develop an understanding of the relationships between SA V survival and
environmental quality. These and other projects have
yielded significant results that have assisted in Bay
management. More research certainly needs to be
done. More important, scientists and managers must
work together to develop sound strategies for SA V, in
Contribution No. 1470 from the Virginia Institute of Marine
Science, School of Marine Science, College of William and
Mary.

concert with an overall Chesapeake Bay policy.
Our attempt in the SA V session at the Baltimore
Chesapeake Bay Research Conference was to bring the
scientist, manager, and citizen together to discuss recent
management needs and research results in four major
areas: distribution and abundance, water quality, natural
resource value, and restoration. We hope the results of
this blend will yield a new perspective on Bay SAV and
identify what we must do to manage this resource
effectively.
DISTRIBUTION AND ABUNDANCE: A DECADE
OF CHANGE

An important component of the early program was an
integrated aerial mapping survey of Bay-wide SA V
distribution in 1978. This first synoptic aerial view of
the Bay has served as a baseline for more recent work.
In attempting to examine historical trends of SA V
distribution, it became clear how important comprehensive distributional data are in relating the SAV resource
to water quality, climatic factors, or biological changes.
Although regular monitoring of SAV distribution was
strongly recommended on the basis of the 1978 study, it
was 1984 before the next Bay-wide survey was conducted. (SAV was mapped in Virginia in 1980 and
1981; in Maryland in 1979. Maryland has conducted an
annual ground survey of SAY since 1972, and the U.S.
Geological Survey [USGS] has been monitoring SAV
in the Potomac River since 1978.) Subsequent Baywide surveys were made in 1985, 1986, and 1987.
Studies were also conducted in the Potomac River in
1981 coinciding with the introduction of Hydrilla verticillata to the Dyke Marsh area in the tidal freshwater
reach of the river. Local citizens have assisted in
ground-truthing much of the aerial photography.
The focus of this section of the session was to
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address questions regarding the recent changes in SA V
distribution:
• What has happened with SAV in the last decade?
•Has the current SAV distribution information been
useful for the manager and scientist?
• What is the best monitoring strategy given the
current levels of financial commitment from the
federal and state agencies?
• What is the future of H. vertici/lata in the Potomac?
The Bay-wide Status of SA V
The 1978 aerial survey revealed a total of approximately 17,000 hectares of SAV (Figure 1), of which
56% was found in the lower Bay zone (an area from
Smith Island to the mouth of the Bay), 27% in the
middle Bay zone (Smith Island to the Chesapeake Bay
Bridge), and 17% in the upper Bay zone (Bay Bridge to
the Susquehanna River). Major areas of SA V abundance documented in this first survey were: TangierSmith Island area, Mobjack Bay in Virginia, lower
Eastern Shore from Cape Charles to Pocomoke Sound,
Eastern Bay area, Choptank River, and Chester River.
By 1986, approximately 19,000 hectares of SA V were
present in the Bay with 64%, 21%, and 14% found in
the lower, middle and upper Bay zones, respectively.
Major areas of SAV abundance included not only the
same areas as in 1978, but also the tidal freshwater area
of the Potomac River and the middle Eastern Shore
area, especially around the Barren Island and Honga
River in Maryland. Additional increases have been
observed in many other sections of the Bay, especially
near existing beds of SAV. Spread of SAV has
occurred from seed dispersal, which may be one
important mechanism not only for bed maintenance but
also for revegetation of denuded areas. Reasons for the
recent increase of SAV in the mid-sections of the Bay
are presently not known. Caution is urged, however, in
attempting to relate this modest increase to the recent
Bay cleanup efforts. Climatic factors, such as reduced
rainfall in the Bay region in recent years, may be one of
several important but unknown controlling factors.
The Bay-wide monitoring of SAY has provided
valuable information for resource managers including
the most up-to-date data on the distribution and
abundance of SAV. Products of the annual SAY
surveys include (1) photographic imagery, which in
addition to documenting SA V occurrence is useful for
other activities (land use studies, shoreline erosion
studies, etc.); (2) maps based on USGS topographic
quadrangles (scale of 1:24,000) delineating all beds of
SAY including species information as available from
field surveys and ground-truthing; and (3) digitized bed
outlines and other accompanying data, which are now

stored on computer and can easily be networked into
regional or Bay-wide information systems.
For the scientists, the annual survey has provided a
synoptic view of the distribution of SA V for the entire
Bay in one year. These data serve as an important
baseline that will allow the accuratf: assessment of SA V
changes from region to region. Because SA V systems
respond to some water quality changes, SAY may be a
good indicator to assess the progress of the Bay
cleanup. Defining relationships between the water
quality conditions and SA V abundance will be very
important to Bay managers and regulators who have the
ultimate responsibility of insuring the long-tenn
viability of the Bay and its living resources.
The relevance of the monitoring data to the Bay
management efforts suggests strongly that this monitoring program should be continued. Scientists are
currently conducting the aerial survey annually. This
activity represents a modest commitment of funds,
which to date have been provided through a cooperative
effort of state and federal agencies. Acquisition of
adequate funds for an integrated annual survey has been
difficult, and when funding is incomplete, significant
modifications to the products must be made. Since
significant changes can occur rapidly and the natural
variability in the system is only beginning to be
quantified, ideally the survey should be continued
annually, with both aerial photography and digitized
computer mapping. A second option would be acquisition of the aerial photographs each year with mapping
of all beds and ground-trothing conducted only every
second year. SAY abundance might be determined in
alternate years by subsampling. If significant changes
occurred during the two-year interval, reference could
be made to the aerial photographs from the intervening
year to determine the timing of the changes. Such an
approach may, however, threaten the continuity of the
program with repeated mobilization and demobilization
of personnel and equipment.
If SA V is to be used as an indicator or "barometer"
of Bay health, a commitment must be made at both the
state and federal levels to insure that this program
continues and is adequately funded. A valuable data
base has been developed that has been useful in the
development of the Bay cleanup efforts. Every effort
should be made to continue the program.
Potomac River: Boom or Bust
The Potomac River provides a case example of a
system that has undergone large changes in SAY in the
last decade. This region has been known for periods of
either abundant SAY, mostly with exotic species, or no
SA V at all. Abundant native SAY species were noted
in the early 1900's. Trapa natans, an exotic, reached
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Figure. 1. Abundance of SA Vin the three major zones of the Chesapeake Bay for 1978, 1984, 1985, and 1986.

nuisance levels in the tidal portion of the Potomac in
the 1920's-1930's and 1950's, andMyriophyllum
spicatum (another exotic) was very abundant in the
transition zone in the late 1950's and early 1960's.
Native vegetation in the tidal freshwater and transition
zone has been almost absent since the 1920's. Zostera
marina, a native species that was present in the highersalinity sections of the river, has been absent since the
1960's. A 1978-1981 survey of the tidal Potomac River
and estuary found that SA V was virtually absent from
the tidal river and was maintaining only low population
levels in the transition zone of the estuary.
Twelve species of SAV were found in the tidal
sections of the Potomac in 1983, including Hydril[a
verticillata, an exotic from southeastern Asia. In 1983
and 1984, there was patchy distribution of all SA V
species with H. verticillata concentrated mostly on the
Virginia side, near Dyke Marsh where it had mistakenly
been planted. Between 1984 and 1987, SAV increased
from 243 to 1580 hectares and spread downriver.
Hydrilla has increased from a small percentage of the
species in a diverse population of plants, to near
domination of the upper tidal river. It became firmly
established in Mallows Bay at the upper end of the
transition zone. Hydrilla could eventually cover all
shallow ( <2.5 m at mean low water) areas in this
section of the Potomac. It also has the potential to
become established in similar zones in all the tidal
rivers feeding the Chesapeake Bay, although its

ultimate distribution will likely be limited by the
salinity of the water (approximately 5 oloo).
The Role of the Citizen
The Bay-wide SAV survey using aerial photography
requires considerable ground-truthing to substantiate
the presence and species composition of SA V on the
photographs. Because ground-truthing of all the SA V
beds by trained scientists is impossible, a plan was
devised to organize Bay citizens to assist in an "SA V
Hunt". This was a cooperative venture between the
respective staffs of the U. S. Fish and Wildlife Service,
the Chesapeake Bay Foundation, the Alliance for the
Chesapeake Bay (formerly the Citizens Program for the
Chesapeake Bay), the Maryland Department of Natural
Resources, and the Virginia Institute of Marine Science.
In addition, members of the Maryland Charterboat
Association, funded by Maryland's DNR, also participated in the ground-truthing program. Using citizens to
help in the ground-truthing serves three purposes: it
provides additional information for the annual aerial
survey; it is valuable in educating the citizen about the
importance of SAV; and it provides concerned citizens
with an opportunity to actually get involved and be a
part of the whole "Save the Bay" effort.
Citizens and charterboat captains were asked to go to
beds delineated on maps and determine the bed's
presence or absence for the current year. Any new beds
found were also to be reported. Species information
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was collected if species identification could be reliably
determined. For the last three years, approximately 150
citizens and 15 charterboat captains have participated
annually. Results from the 1986 survey showed that
673 SA V beds were field-checked in Maryland and Virginia. These data have provided valuable information
as to the presence of SA V in many areas of the Bay not
previously examined. The experience gained from this
program has been invaluable for both citizens and scientists, and the program certainly should be continued.
WATER QUALITY: HOW CLEAN MUST THE BAY
BE FORSAV?

There is widespread agreement among scientists,
citizens, and managers that improving water quality in
the Bay is the number one issue today. As with other
aquatic living resources, poor water quality is a major
factor affecting SA V growth and production. If it is to
remain a viable natural resource, attempts to set nutrient
and chlorophyll standards for the Bay must therefore
take into consideration the nutrient and light requirements of SAY. This will be no simple task. There are
many different SAV species in the Bay with different
life history patterns and potentially different growth
requirements. SA V grow in rivers whose watershed
characteristics are different and where strategies for
nutrient control may require different sets of rules.
Important questions that should be addressed related
to the SA V living resource are:
• What parameters shall be used in setting goals for
water quality criteria or standards?
• Is SAV being considered an important component
in the development of the overall water quality
criteria?
• Should water quality criteria for SAV be developed
for the entire Bay or should there be basin-by-basin
criteria?
• What data are needed for setting criteria and how
are they being obtained?
•How realistic are these criteria?

Development of Water Quality Criteria: How
Critical Is It For The Bay Cleanup?
Since 1983, most of the research and planning efforts
for restoring and protecting the Chesapeake Bay have
focused on documenting the present water quality of the
bay and refining strategies for reducing or stabilizing
nutrient and contaminant loads. Strategies based only
upon traditional water quality standards, however,
cannot necessarily ensure the restoration and protection
of living resources.
There is a growing recognition that the Chesapeake
Bay must be managed from an ecosystem perspective,

requiring innovative approaches to resource and habitat
management. The 1987 Chesapeake Bay Agreement
states the Program's primary goal is to "provide for the
restoration and protection of the living resources, their
habitats, and ecological relationships."
Recognition of restoration of living resources as the
ultimate goal of the Bay Program has caused a reexamination of how to effectively focus regulatory and
management actions to protect or improve habitat
quality. Since the early 1970's wat1~r quality management has focused on meeting the fishable/swimmable/
drinkable goals of the Clean Water Act through the
application and enforcement of watt~r quality standards.
EPA criteria and state standards are still limited to
conventional water pollution parameters (e.g., dissolved
oxygen, temperature), and to some toxic metals and
organic compounds listed as EPA piiority pollutants.
The underlying assumptions have bi~en that reducing
pollutant loads to meet water quality standards would
result in meeting the designated use classifications for
certain stream segments. Existing water quality criteria
and standards do not well serve the needs of some
living aquatic resources and should be reviewed in light
of the Bay's overall restoration.
One of the critical limitations of f!xisting state standards is in geographical application. In Maryland and
Virginia, use designations within the· tidal Chesapeake
Bay are geographically defined by the boundary where
tidal fresh waters meet oligohaline waters in the tributaries with the mainstem portion of cihe tributaries. Jurisdictional boundaries between the states at the mouth
of the Potomac constitute another artificial barrier to the
Bay-wide application of water quality standards.
The Living Resources Task Force, in its September
1987 report on Living Resources Habitat Requirements,
suggested that Chesapeake Bay living resources be
managed on a regional basis. Regional habitat objectives, based on protecting the combined most sensitive
life stages of the representative resources living within
that habitat, should be applied on the basis of geographical distribution of living resource habitats.
Ideally, only habitat, not political boundaries, would be
the determining factor for their application.
Submerged aquatic vegetation has come to play a
significant role in the development of regional habitat
objectives. For example, it provides 1the means to
bridge the gap between the stated management goal to
reduce total nitrogen and phosphorus inputs to the bay
by 40% and specific numerical targets for Bay nutrient
levels and overall habitat quality. Since eutrophication
has been related to SA V decline, SA V can be an
important indicator of regional water quality. Lacking
in all existing EPA criteria documents and state
standards so far are the nutrients, as well as specific
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indicators of light transparency, both of which are
fundamental to the management of the Bay as an ecosystem. As its restoration to historical abundance has
been a key objective of the Chesapeake Bay Program,
SAV's utility as an indicator organism is thereby
strengthened.
Turbidity, total suspended solids, secchi depth, light
intensity, light attenuation, chlorophyll a, dissolved
inorganic nitrogen, dissolved inorganic phosphorus,
herbicides, sediment type, salinity, pH, temperature, as
well as the physical environment (e.g., fetch, waves,
etc.) are the types of SAV habitat requirements which
could be used in drafting of regional habitat objectives.
Laboratory experimentation with field validation would
then be necessary to confirm SA V habitat requirements
for the above listed parameters. Experimentation
should focus on different salinity regimes, representing
different species groups' habitats.
Implementation of regional SAV habitat objectives
could be the management tool to bridge the existing gap
between use and application of existing water quality
criteria and standards. In the years to come, linkage of
water quality and habitat conditions to changes in living
resources would become confirmed through scientific
study and monitoring.

Water Quality Criteria
The desire to establish water quality standards based on
living resource requirements has focused attention of
managers and scientists alike on the necessity for
relating potentially important environmental factors to
SAV growth and survival. Although research has
suggested that various environmental factors can
influence production and consequently survival, the
actual levels necessary to support growth and survival
have only recently been investigated. In the late 1970's
researchers at the University of Maryland studied the
relationships between SAV survival and eutrophication
using 118-acre ponds vegetated with native macrophyte
species and enriched with fertilizer. Results suggested
a direct relationship between nutrient loadings and SA V
survival. At the Virginia Institute of Marine Science,
investigations with more marine SAV species suggested
that SA V in this region may be living close to their
levels of environmental tolerance and that, within the
physiological constraints of temperature and salinity for
the area, reductions in light may be the principal factor
controlling SA V growth and survival.
In 1984 a research group at the Virginia Institute of
Marine Science began to investigate the relationships
between environmental quality and SAV growth and
survival in a series of field studies. Objectives were
threefold: first, to monitor the environmental quality
along an upriver gradient of sites that both currently

and formerly supported vegetation; second, to determine the potential for plant production and survival at
these sites; and third, on the basis of these two sets of
information to determine the levels of environmental
variables that characterize the SA V communities in the
region. Biweekly sampling of a series of sites in shoal
areas along the York River was undertaken. Upriver
stations were characterized by complete decline of
SA V, while in downriver stations the loss of vegetation
decreased with distance to the mainstem of the bay. In
addition to the environmental monitoring, eelgrass, the
dominant species of macrophyte in the region, was
transplanted each fall to determine the potential for
SA V growth, production, and survival at the sites.
In 1985 researchers at the University of Maryland,
Hom Point Environmental Laboratory, initiated a
similar monitoring program in the Choptank River
along the upper Bay's Eastern Shore. As in the York
River, SAV survived only along the lower section of
the river. At nine sites along the tributary, plugs of
native species including widgeon grass, redhead grass
and sago pondweed were transplanted. The transplants
were successful only in the most downriver sites. Since
SAV species in this region exibit shoot growth for
approximately a six-month period, monthly measures of
water quality obtained along a gradient of sites in the
Choptank were averaged over this time period to
compare stations in the upriver and downriver areas.
Results of both of these studies suggest that there
may be similar thresholds for SA V growth in widely
divergent areas of the bay. They also suggest that
differences between sites that support or do not support
growth are quite small and that very small changes in
environmental quality can have a significant affect on
the vegetation. While these studies are an important
step in defining water quality standards many questions
remain unanswered. How, for example, do these water
quality models fit other river systems in the Bay? What
are the interractive relationships between the various
factors? What are the seasonal aspects of susceptibility
to limiting factors? What role might sediments play in
regulating SAV? Other topics important to managers
include the impacts of marinas and boating activity on
SA V beds. These and other questions need to be
investigated, allowing Bay managers to develop
effective strategies for restoring living resources in the
Bay system.
NATURAL RESOURCE VALUE: A DIFFERENT
LOOK

One of the most often-repeated comments made in the
last decade about SA V has been that these areas are an
important habitat, particularly as a nursery and feeding
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ground for many species of invertebrates and vertebrates. SAY beds support much greater densities of
macroinvertebrates than adjacent unvegetated areas.
Rates of secondary production are extremely high in
SAY. The beneficial aspects of SA V have been
recently illustrated in the Potomac River. Water clarity
has increased substantially in the vicinity of the SAY
beds. Positive relationship has been observed between
the spread of Hydrilla and increased waterfowl utilization as well as increased catch of finfish near these
beds.
As pressures continue to grow due to development
of the shoreline and watershed of the Bay region, a
number of important questions remain:
• Do managers need to know more about SA V
functioning to conserve SAY?
• Are all SAY beds considered of equal importance?
• What are the relationships between the role and
value of SAY and the size of a SA V bed, the
abundance of SAY in an area, or the location of the
bed in the estuary?
• Do SAY beds enhance local or Bay-wide productivity?
• Are all SAY beds the same in terms of resource
value for individually important species such as the
blue crab?

Resource Value-What More Do We Need to
Know?
A considerable body of published material describes the
resource values of SA V and justifies its conservation.
Additional information on biological values is needed,
however, particularly concerning which fauna are most
dependent on SA V and which SA V species form the
most important useful habitat. For example, what are
the relationships between SAY in the Bay and waterfowl usage?
One poorly understood relationship is that of SAY
bed size and bed function. Are the values of sparsely
vegetated beds the same as for a large, densely vegetated area? Are they heavily used by fish and invertebrates, and are they important in habitat expansion?
What is the role and value of areas that previously
supported SAY but are now unvegetated? Should they
be replanted as part of an overall management plan?
SAY beds are utilized by diverse groups of animals.
Although their abundances are usually much greater in
SAY than in adjacent unvegetated areas, few are exclusively found associated with SAY. For example, some
waterfowl species such as canvasbacks and Canada
geese, which relied heavily on SAY in the past for food,
were able to shift their diets to other sources (e.g., field
corn or clams), when SAY declined. Other species,
such as redhead ducks, have not shown this flexibility,

and their numbers are much reduced in the Bay.
Our understanding of how the large secondary
production component fuels other systems, especially
species (such as most finfish) that ar1e migratory and not
directly dependent on SAY, is very poor. We do not
know what proportion of this production remains within
the bed and how much may be exported. Because in
the past SA V beds occupied a much greater proportion
of the Bay bottom, their relative influence compared to
today must have been much greater.
The high abundances of fauna in SAY beds have
often been related to the refuge from predation they
offer. High abundances may also result from enhanced
settlement into these habitats. SAY baffles currents and
wave action, resulting in deposition of fine sedimentary
material; and larvae of invertebrates may act like
sediment particles and be selectively deposited in the
SAY beds. We have very little infonnation on larval
behavior with respect to habitat selection and the
settlement process. The high abundances of animals in
SAY may first be set by larval supply rates and
processes acting on supply rates into a grassbed. Once
in a grassbed, larval behavior, vegetation type and
density, current speeds, and volume flux all contribute
to settlement abundances. Once larvae are established,
post-settlement factors affecting surv.ivorship such as
predation become very important.
The importance of SAY in blue crab populations of
the Chesapeake Bay has been a topic of debate since the
large decline of SAY in the 1970's. Blue crab populations have not declined as dramatically as SA V. Blue
crab populations are not completely dependent on SAY;
states such as Georgia and South Carolina have large
blue crab stocks but do not have seagrasses. The Bay
region, however, has by far the highest catch of blue
crab throughout its entire range, perhaps due to the
presence of SAY for several critical life stages.
Juvenile blue crabs are significantly more abundant
in SAY beds than in adjacent marsh creeks or bare sand
areas. Blue crabs recruit into the Bay as planktonic
megalopae (the last stage before the crab assumes
primarily a benthic mode), and studies suggest settlement may be much higher in the lower Bay than other
sections. Since SA V beds in the lowe:r Bay have
declined the least and the lower Bay contains over onehalf of all SA Vin the Bay, the impacts of SA V loss on
the blue crab may not be as large as 0111ce thought.
Marsh creeks, although of lesser valm~. may be important nursery sites in areas without SAV. Studies of the
relative role of vegetated areas (marshes vs. seagrasses)
and the proximity of these areas to larval supply will
yield important information on the vaRue on these areas
to commercial stocks, not only for the blue crab but
also for many other species.
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RESTORATION

The loss of SA V in many sections of the Bay prompted
scientists and managers to ask whether SA V beds could
ever recover naturally, given that whole rivers were
completely denuded and were distant from sources of
naturally occurring stock. This concern led both
Maryland and Virginia to develop restoration programs.
Questions central to restoration programs are:
•Was the lack of revegetation due to chronic poor
site habitat, poor water quality, or simply a lack of
propagules?
• What are the best species to use?
• Are single-species or mixed-species plantings
superior?
• What is the best spacing of plants to insure the
most rapid recovery of an area?
• How important are patch size and location in
improving transplanting success?
Restoration with SAY, although similar to marsh
planting, presents a uriique problem to the manager and
researcher in that all work must be done underwater.
Choosing sites for replanting is critical, and success
may indeed be related to getting as rapid a spread as
possible. In 10 years of pilot transplanting, there have
been both successes and failures. During this period we
also observed rapid natural recovery of SA V in several
areas that provided crucial insights regarding SAV
colonization of new areas. These studies suggest that
there may be a distinct successional component in these
events. Restoration is an important management
objective today because of population pressure with its
potential for disturbance of SAV habitats. As scientists
and managers we must ask what the future of SAV is in
the 21st century, given the tremendous projected
population growth in the Bay watershed.
Population Growth and SAV-What Can Be Done?
The population in the 64,000-square-mile Chesapeake
Bay Basin was estimated to be 13 million in 1980 and
is predicted to grow to 16 million people by the year
2,000. Although the current growth rate (1 % annually)
is anticipated to slow as we enter the 21st century, Bay
managers will still be confronted with increasing
pressures on dwindling natural resources such as SA V.
SAV is provided indirect protection by point and
non-point water pollution control programs, which
include sediment and erosion control programs,
agricultural best management practices, shore erosion
control, and sewerage treatment programs. We need to
encourage the expansion and upgrading of these
activities and assure that regulatory policies include the
conservation of SAV resources. Since regulatory
programs provide SA V with direct protection from

specific development activities, SAV management has
developed into a multiagency responsibility that must
be as well coordinated as possible. Regulatory agencies
include the U.S. Army Corps of Engineers, the
Maryland Department of the Environment, the Maryland Department of Natural Resources, the Virginia
State Water Control Board, and the Virginia Marine
Resources Commission. In addition, the U.S. Fish and
Wildlife Service, Environmental Protection Agency,
National Marine Fisheries Service, Virginia Institute of
Marine Science, as well as other organizations, provide
environmental review on development activities.
In order for these regulatory agencies to adequately
protect SAV, they need guidance on methods to
minimize the impacts of development activities.
Recommendations for minimizing these impacts could
include the following:
•No dredging should be permitted between April 15
and October 15 on project sites that currently
support or have historically supported SAV;
• Due to differing abundances of SA V between
watersheds, one site visit during the growing
season (April 15--0ctober 15) should be required
on proposed project sites that currently support or
have historically supported SAV;
•Watershed-by-watershed protection plans should
be developed for the protection of SAY.
In cases where development impacts cannot be
avoided, compensation should be given careful consideration. Any type of compensation policy might be
based on the premise of no net loss of SAV Bay-wide
due to development and associated projects. Strict
guidelines should be established for compensation
projects, and compensation should be viewed as the last
alternative after avoidance and minimization. Compensation/mitigation projects should attempt to be acre for
acre, species for species, and habitat value for habitat
value. It may also be useful to expand mitigation
projects to include those which increase species
diversity in already existing beds. For small project
impacts, the use of compensation fees should be given
consideration. These compensation fees could be used
for larger transplant, research, or monitoring projects.
Whatever the final management plan, achieving a good
consensus will require considerable interaction between
the various regulatory and advisory groups.
The use of compensation for ameliorating the
adverse impacts of development is based on the premise
that transplanting is a viable technology. However,
transplanting efforts have met with limited success
nationwide and the cost for these projects has been
extremely high. Currently, scientists view transplanting
as most useful in small-scale projects designed to
increase the knowledge of SAV life cycles, transplant-
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ing techniques, and water quality parameters and
sediment characteristics necessary for healthy SAV
growth. Ultimately, small-scale transplanting projects
could be used as a gauge for measuring the local
effectiveness of Bay clean-up efforts.
Transplanting Programs in the Chesapeake Bay Progress
The two main goals of SAV restoration programs
initiated by Virginia and Maryland over the past few
years have been to understand those factors controlling
SAV distribution and abundance, and to develop
improved methodologies for transplanting in this
estuary.
Transplanting SAV can be a difficult undertaking.
SAV planting is similar to marsh planting in that (1)
whole plants are used in many cases; (2) seasonal
timing is important; (3) substrate elevation, sediment
type, and salinity are important environmental factors;
(4) growth and survival are improved with fertilizer
applications to sediments; and (5) plantings are subject
to disturbances from physical and biological factors.
Major planting differences also exist: (1) SAV are
more difficult to harvest, store, transplant, or plant; (2)
SAV are subject to additional stress of water quality
conditions; and (3) SAV transplants are more difficult
to monitor for success and failure.
Transplanting efforts in the Bay have been focused
primarily on areas that formerly supported SAV but
currently have little or no vegetation. At the Virginia
Institute of Marine Science, transplanting has been
conducted principally with the seagrass, 'Zostera
marina, in the western tributaries of the lower Bay
(York, Piankatank, Rappahannock, and Potomac
Rivers). At the University of Maryland, Horn Point
Environmental Laboratory, transplanting has been
undertaken with Ruppia maritima and other lowsalinity species in the Choptank River. In the Susquehanna Flats and Sassafras River regions, investigators at
Harford Community College have utilized Vallisneria
americana and other freshwater species in their
transplanting attempts. Finally, scientists at the USGS
have focused their efforts in the upper Potomac River
on V. americana.
Most transplanting has been done with whole plants,
both with and without sediment, because of the availability and ease of collection. The use of tubers and
seeds is currently being investigated.
Plantings have varied from small test plots of 1-25
m2, to larger plots of 900-7200 m2 • Various plant
densities and patch sizes within the plots have been
tested for their effect on survival. Transplants have
been most successful in areas that currently support low
abundances of SAV, although regrowth has been

generally slow. Regions distant from existing SAY
have usually had the poorest success. In some wellmonitored experiments differences in success can be
associated with differences in water quality. In a
number of sites success can be directly related to site
exposure. Timing of planting is critical. For example,
Z. marina planted in the fall is more successful than at
other times of the year; V. americana, in contrast, does
better when planted in the spring. Native stock (for
both plants and tubers) have generally yielded greater
success than non-native stock.
CONCLUSIONS

Since interest was first focused on SAV in the late
1970's, SAV has come to be recogni2:ed not only as a
habitat important in its own right, but also to some
degree as a model for the entire Bay ~mvironment.
Requirements for SA V growth, including water that is
low in suspended sediments, dissolved nutrients, and
phytoplankton, represent what many 1:::onsider good
overall Bay water quality. Because observations worldwide indicate that the health of submE~rged grass communities can be used as an early indicator of eutrophication, SAV abundance and diversity have been judged
to be barometers or indicators of Bay health, and SA V
community requirements will be important in the
development of regional habitat objectives.
Management of SAV in the Bay may also serve as a
model for management of other important Bay resources. It is a management approach that recognizes
the importance of setting goals, objectives and plans
based on good scientific knowledge, and where the
knowledge is lacking, having at hand the mechanism
for asking the appropriate questions so that the gaps
may be filled. To accomplish this a good relationship
has been developed between Bay SAV scientists and
Bay managers. This relationship has been fostered by
broad public support and to some degree by active
participation in SAV programs.
It was the objective of this session of the conference
to bring the manager and scientist together to provide
not only an update on current research findings, but also
a forum for an exchange of understandings. Review of
SAV monitoring programs illustrated that refinement is
continuing in a program that has had widespread usefulness and is well prepared to participate in the geographic information systems being developed for the
Bay region. Yearly monitoring has demonstrated some
recent regrowth of SA Vin several regions of the Bay
and has shown overall levels significantly higher than
in 1978, although nowhere near pre-decline levels. Participation by citizens in the monitoring program has
been positive and provides important ground-truth in-
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formation that in most cases is quite reliable. The
development of water quality criteria has been continued, with initial threshold levels established for some
species in some areas. The goal of these studies is to
assist the managers in setting regional water quality
standards based on the requirements of living resources
rather than only on traditional water quality management criteria. Investigations further defining the role
and value of SA V habitats have been undertaken, along
with transplanting studies that assist scientists and
managers in understanding the factors limiting natural

revegetation. These studies have also provided potential mitigation and compensation tools, the usefulness
of which must be further identified and discussed. Regulatory offices must be assisted in setting policies that
conserve SA V resources and in developing plans that
implement these policies. In total, then, this session
recognized that the approach to understanding and managing this important resource is multifaceted and that
improvements in the quality of the Bay environment
can be obtained in part by managers asking the right
questions and scientists providing the correct answers.
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