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A Message from the Chairman .

It is with great pleasure that I extend to you a cordial welcome to the OCEANS '88 Conference
and Exhibition. This year’s theme, “A Partnership of Marine Interests,” is designed to recognize
the broad range of interests and institutions which now address marine technological issues,
as well as the’myriad national and global needs which are supported by marine technology and
ocean engineering.

During the remainder of this millennium, the United States, as well as other seafaring nations,
will advance their focus on the coastal regions and oceans in order to satisfy emerging economic
and recreational needs, meet national defense requirements and, concurrently, plan for the signifi-
cant socio-environmental concerns associated with accelerated ocean resource and ocean space
development. , i

Given the complexity of the managerial challenges ahead—and the reality that budgetary
~resources must be utilized prudently—our perspective is that a new “Partnership of Marine
Interests,” acknowledging the diverse Federal interagency participants, the state governments,
the range of comprehensive intergovernmental groups and the relevant international interests,
should be pursued. Cooperation and coordination provide the cornerstones for resolving the
conflict-use which may emanate from the competing claimants for oceanic resources, as well
as constitute the threshold for effective public policy formulation and implementation.

OCEANS ’88 provides a timely forum for open discussion of the domestic and global issues
related to the role of marine technology in satisfying the specific energy, transportation, fisheries,
seabed resource development, law enforcement, safety, environmental, national security and
other ocean policy needs and issues. It is an opportunity to discuss how marine technology
can be more effectively applied and advanced toward the attainment of both national and
international objectives.

This year’s conference features an extensive exhibit area to review the latest state of the art
in marine technology products, services, systems and publications. Also the conference serves
as an arena where industrial representatives, national, state and local governmental officials,
academic representatives, public and special interest groups with marine interests, and members
of the international community can meet and exchange views in both formal and informal settings.

A number of special events have been planned, including a “Vessel Visit and Orientation” in
Baltimore's Inner Harbor, and several specialized topical workshops. In order to provide a closer
commonality between the program of more than 400 policy and technical papers presented
and the marketing needs of the exhibitors, a2 “Marine Commercial Development” workshop high-
lights opportunities for coastal and oceanic oriented businesses in both domestic commerce
and international trade,

I thank you all for your participation and support of OCEANS ’88.

“Paul A. Yost

Admiral, U.S. Coast Guard
Commandant

General Chairman, OCEANS 88
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Welcome to Baltimore
and the
OCEANS 88 Conference and Exposition

Baltimore Convention Center
October 31-November 2, 1988

On behalf of the sponsors of OCEANS 88, the Marine
Technology Society (MTS) and the Oceanic Engineering
Society (OES), our General Chairman, Admiral Paul A.
Yost, Commandant, U.S. Coast Guard, and our federal
interagency and intergovernmental advisory board and
conference staff, we extend a cordial welcome to you to
the inaugural of the Oceans conference in the port of
Baltimore.

OCEANS ’88 is now an international as well as national
symposium, co-sponsored by the MTS and OES in coop-
eration with 2 number of other marine oriented organiza-
tions. This year’s three-day event involves more than
2,000 conferces presenting more than 400 technical and
policy papers, and a display of 175 exhibits featuring the
latest development in marine technology and products,
services and information systems. Thus, OCEANS ’88 is
of professional interest to:

® Marine industrial officials

e Oceaniclaw of the sea and marine-oriented academic
faculty ‘

* Independent researchers and professional associations

¢ Federal, marine agency, policy and program officials

¢ State and territorial marine agency personnel

¢ Coastal, oceanic and marine agency personnel

® Marine trade media

® International ocean community representatives

In addition to the formal program and exhibits, OCEANS
'88 will feature: )

® A Chesapeake Crabcake Reception to welcome all
conferees.

® A Plenary Session, introduced by Honorary Chairman
Governor William Donald Schaefer of Maryland, and
featuring several nationally-known federal and inter-
governmental officials commenting on the “Partnership
of Marine Interests’”” theme. ‘

* A two-day Ocean Enterprise Workshop designed to
examine commercial opportunities for marine-oriented
firms and complement both the technical program and
the exhibitors’ comprehensive range of products and
services.

* A Vessel Orientation in Baltimore’s inner harbor to
provide conference registrants with visits to a U.S. Coast
Guard multi-mission, medium endurance cutter; a hydro-
graphic vessel from the National Oceanic and Atmospheric

Administration; the HMCS Cormorant, a Canadian
research ship; a remotely operated vehicle (ROV),
Maryland’s historic replica, the Dove; and other vessels
with interesting state-of-the-art, naval and engineering
designs and systems.

* Emory Kristof, from the National Geographic Socie-
ty, offering a hands-on tutorial workshop in the use and
application of underwater stereographic video. Applicants
will be accepted on a first come, first served basis to this
workshop. '

* A special workshop organized by the Environmental
Protection Agency on the timely subject of ‘‘Medical
Waste: Protecting Our Shores.”

® An Ocean Policy Forum, organized by the Center for
Ocean Management Studies of the University of Rhode
Island on “A Deepest Ocean Presence: The Economic,
Political, Scientific and Technical Considerations in the
National Interest.”

* An Ocean Policy Roundtable on ““U.S. Ocean Policy:
Agenda for the 1990s,” organized by Dr. Bilianca Cicin-
Sain and Mr. Robert Knecht of the Ocean and Coastal
Policy Center of the University of California at Santa
Barbara.

* A workshop on the Future of Passenger Vessels, a
small but emerging growth industry within the larger
maritime commercial complex.

®* An “Oceans Evening’ reception at the National
Aquarium to commemorate the Silver Anniversary of the
Marine Technology Society and honor its past presidents.

® An Oceans '88 Film Festival, introduced by Mr.
Charles Sachs, nationally known passenger vessel
historian, and Mr. Ralph White, rcnowned marine
photographer.

The entire proceedings of OCEANS '88 have been
recognized by the U.S. Senate and House of Represen-
tatives in Joint Resolutions designating the period of
October 30 to November 5 as National Marine Technology
Week. This initiative is the result of the efforts of Senators
Lowell Weicker, Ted Stevens, Ernest Hollings, Daniel
Inouye, John Kerry, Frank Lautenberg, Claybourne Pell,
and Representative Walter Jones and other members of
Congress.
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MARINE DEBRIS AND THE SOLID WASTE DISPOSAL CRISIS
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ABSTRACT

Persistent wastes from ocean and land sources
damage wildlife, impede maritime commerce and
foul our beaches. Solutions to the marine
debris problem include eliminating both land and

sea sources. The MARPOL model ig widely
supported and may well control ship-source
persistent debris. Land source marine debris
control, however, will necessitate innovative
solutions to the much broader solid waste
disposal crisis in the U.S. In order to
motivate, support, and lead this effort, the
"ocean ethos"™ in the U.S. society must be
invoked. The marine debris issue may have the

broad appeal necessary to bring public sentiment
to bear directly on the solid waste disposal
problem. The early development of a national
solid waste agenda and the identification of a
single responsible Federal entity will be key
early milestones in the ultimate solution of the
marine debris problem.

1. INTRODUCTION

Population growth, burgeoning technology and
unbridled consumption in the developed world
have combined to create an immense solid waste
problem. The United States, with the highest,
per capita solid waste generation rate in the
world, is just beginning to develop a realistic
appreciation of the urgency of this problem.
That its proportions are reaching critical
levels is evidenced in the recent reports of the

impacts of inert, persistent wastes on ocean
resources. These wastes are now so prevalent in
the environment that ocean and coastal

accumilations from land-based sources and from
ships are killing marine life, interfering with
maritime commerce and detracting from enjoyment
of ocur natural heritage (1, 2, 3, & 4).

A significant factor in the marine debris
problem is the persistence of modern synthetic
materials. They are generally not destroyed or
significantly degraded by natural forces in time
scales relevant to their transport to, residence
time in, and impacts upon aguatic environments
(5). By virtue of this persistence, materials
discarded or otherwise released ~into - the
environment on land have some probability . of
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being transported by natural forces to debris
"sinks" such as the sea or freshwater lakes.
Upon -reaching the aguatic environment either
indirectly from the land or directly through
ocean discharge, the floating materials are
transported in the two dimensional surface
environment by winds and currents. These forces
serve to concentrate floating debris in
convergence zones, along drift lines, and on the
ocean margins. Persistent materials that are
non~buoyant reach the sea floor in the vicinity
of their 'discharge, accumulating in patterns
mirroring the activities which generated them.

Further, persistence guarantees that these
accumulations become larger and larger.
Currently, this is a one-way system which can

only result in ever-more serious impacts.

At issue here is the need to control, reduce
and/or eliminate the flow of persistent wastes
into the aquatic environment. To actually solve
the marine debris problem, all input must be
eliminated and the current (for all practical

purposes, permanent) standing stock of debris
must be cleaned wup and destroyed or re-
utilized. We know that at current levels,
debris in the marine environment causeg
problems. This debris will not go away through

elimination of further supply, so it also must
be removed. Similarly, even small amounts of
continued input will increase the levels of
impacts now recognized. For these reasons,
elimination of this problem must encompass both

. the ocean sources and the land-based sources.

While these goals are similar, _their
accomplishment will surely be vastly different.
2. THE OCEAN SOURCE SOLUTION
Ship-source ocean pollution has been recognized
as an international problem since offshore oil
platforms and supertankers began leaking,
blowing-out and going aground (Torrey Canyon,
Amoco Cadiz, Santa Barbara, etc.). To establish
international standards and mechanisms for
controlling discharges of oil and other
pelluting cargos into the oceans, the
International Convention for the Prevention of
Pollution from Ships was formed in 1973 (6)
under the International Maritime Consultative
Organization (now the International Maritime
Organization, IMO). The Convention was modified

4 Unites States Government work not protected by co;:yrigﬁi



in 1978 to create five optional annexes, each
addressing a separate type of ship source
pollutant. This step was necessary to permit
nations to ratify the Convention and the oil
discharge provisions (Annex I) without being
bound by the terms of Annexes II through V which
address noxious 1liguid substances carried in
bulk, harmful subgtances in packaged forms,
sewage, and garbage, respectively. The
Convention is referred to as "MARPOL (73/78)".

For centuries customary international law has
permitted ships operating outside the
territorial seas of any nation to discharge
their garbage overboard. This will be changed
on December 31, 1988 when Annex V, the
"Regulations for the Prevention of Pollution by

Garbage from Ships," enters into force for the
thirty one ratifying nations representing over”

S0 percent of the world's shipping tonnage. The
Annex specifically applies to all manner of
ships, including fishing and recreational
vessels, cargo  ships, fixed or floating
platforms and submersible craft. Annex V and
the IMO "Draft Guidelines for the Implementation
of MARPOL Annex V, Regulations for the
Prevention of Pollution by Garbage from Ships"”
provide the authority and model by which nations
may eliminate the ocean sources of persistent
marine debris.

The United States has ratified Annex V and is
tailoring implementing regulations for U.S.
citizens, ships, and ports based on the
Guidelines. In drafting the U.S. implementing
legislation, entitled the “"Marine Plastic
Pollution Research and Control Act of 1987"
(MPPRCA), Congress recognized that full
realization of the intent of Annex V requires a
fundamental change in maritime attitudes and

behavior towards garbage (7). In response to
this, the MPPRCA mandates the establishment of
education and public awareness programs. it

also sets up penalty schedules that will prevent
discharge violations from becoming part of the
cost of doing business. A "snitch clause" is
included which allows up. to one-half of any
fines levied against violators to be paid to
persons providing information leading . to
successful prosecution. The current approach to
requlations under the MPPRCA will preserve ship
operators’ options for provisioning and
shipboard waste handling while educating them on
the reasons for, and methods to comply.

If one takes the long term approach to this
problem (as one should in instituting changes in
longstanding individual and industrial behavior)
there is reason for optimism that ocean-source
persistent debris will be virtually
eliminated. The problem has received
institutional attention and the preliminary
solution strategies are in place (3).

The degree to which these strategies succeed
will depend on the leadership, vigor, and
balance Federal and State agencies bring to the

education, enforcement and research programs.
In order to gauge progress in solving the ocean—
source persistent marine d&ebris problem, a
general set of milestones should be established,
including:

1. Cooperative enforcement agreements in
place between State and Federal Agencies
and foreign governments by December 31,
1989;

2. Systematic marine debris monitoring
systems covering each region of the U.S. by
January, 1989;

3. Guidelines to States for establishing
marine debris task forces through which
State agencies may rationalize their
actions to address marine debris sources of
particular interest to their citizens by
Octobexr 1, 1988;

4., Issuance of certificates of adequacy
for garbage reception facilities in all
major ports in the U.S. by January, 1990;

S. The production and broadcasting of
national public service television
announcements on the marine debris issue by
June 1989;

6. The establishment and advertising of
marine debris information and education
materials outlets for broad public use by
January, 1989;

7. Official recognition of the IMO
guidelines for the implementation of Annex
V,  concurrent with IMO official adoption
(September, 1988), including a continuing
commitment to improve them;

8. U.S. commitment to the development of
Annex VI to MARPOL (73/78) to specifically
address the control of discharges of solid
cargos transported in bulk;

9. Diplomatic initiatives +to promote
ratification and implementation of BAnnex V
by all maritime nations as standing
Department of State policy, by December 31,
1988, and

10. Research and monitoring programs to
assess the effects of persistent marine
debrig on depleted, threatened, and
endangered species, continuous (8).

That is the easy part. The other component of
this problem, its land-based sources, will not
be so easily solved.

4. THE LAND-BASED SOURCE SOLUTION
We do not know how much solid waste is illegally

dumped or accidently lost each year in the
U.S.. There are statistics on what is collected



and disposed of legally. Municipal wastes
generated in the U.S. amounted to 158 million
tons in 1986 according to EPA testimony before
Congress July 26, 1988 (9). Ten million tons of
that was plastic, six million tons of which was
plastic packaging materials. By the year 2000,
EPA expects a 60% increase in plastic waste by
weight. The total municipal wastes generated in
2000 is expected to reach 193 million tons,
increasing in volume by 22 percent. The U.S.
plastics industry produced over 53 Dbillion
pounds of new plastics in 1987 (10), about one
quarter of the world production. About 25
percent of the U.S. production each year goes to
plastic packaging.

EPA further testified that in the U.S., 80% of
municipal waste is landfilled and that one=-third
of the nations landfills will reach capacity by
1992. It is certain that disposal costs will
soar in the near future. These increases will
motivate industries and the public in two
distinct directions.

First, rising disposal «costs will cause
individuals and industries to seriocusly explore
means to reduce the amounts of wastes they
generate. Re-utilization, recycling, packaging
alternatives, composting, home incineration,
etc. are all action areas 1likely to be
explored. Second, they will be much more likely
to take advantage of low risk opportunities to
illegally dump their garbage, exacerbating the
litter problem. The balance of public choice in
this dilemma will seriously impact the flow of
persistent debris into aquatic environs. To
achieve the long-term solution of the marine
debris problem, the public must face the
municipal solid waste crisis armed with accurate
information about the consequences of their
choices. As the designated steward of natural
resources in the public trust, particularly for
the long-term, it is essential that the Federal
Government provide direction in this issue.
That direction and leadership is overdue.

When considering the range of actions the
government may take in addresssing the solid
waste problem, the first step should be to
review existing models of public process that
may be applicable. For example, there are
regulatory mechanisms in place to control land-
source persistent debris but, they have not
prevented littering and other careless acts that
release trash into the environment. A drive in
the country or a visit to your favorite fishing
hole provides ample evidence that present anti-
litter laws simply have not worked. There is
little reason to suspect that they will become
more effective if pressures for illegal dumping
increase.

More stringent regulatory systems may be worthy
of consideration for eliminating land-source
debris. For example, throughout the 70's and
80's, significant public attention and
government regulation have been focused on toxic

pollutants. These types of pollutants are
generally similar to persistent debris in that
many are stable (persistent), they originate on
land, they are transported by water, they
accumulate, they are difficult to remove from
the environment, and they can only be
effectively controlled at their sources.

It is tempting to model measures for controlling
land-source debris after the methods in use to
control toxic pollutants. Such methods include
prohibitions on manufacture, cradle-to-grave
record keeping, elaborate waste handling and
destruction systemg and permitting systems with

varying justification and liability
requirements. Such measures could certainly
work, however, there are three fundamental

differences between toxic pollutants and inert
debris that lead one away from these types of
stringent regulatory methods:

1. Virtually everyone is a potential
contributor to the persistent debris
problem;

2. The weight and wvolume of inert,

persistent wastes exceeds toxic pollutants
by many orders of magnitude, and

3. Land-source persistent wastes pose
little direct human health hazard and few
known population-level threats for

wildlife.

In view of number three, it is unlikely that the
populace will accept being burdened with onerous
handling and record keeping requirements for the
persistent components of their trash.

If stringent regulation is not Jjustified, and
current anti-litter and waste management
statutes are inadequate, what is to be done?
Clearly, the long-term health of the coastal
oceans is in some mounting Jjeopardy due to
accumulating persistent wastes, just as it is
from accumulating toxic  pollutants, bio-
pollutants, and habitat loss. Just as clearly,
protection of ocean life and productivity, is
going to necessitate a fundamental revision of
waste management and disposal policies, politics
and behavior; right down to the individual
citizens.

The gravity of this situation is not in the
marine debris problem; it is in the solution te
the broader, incredibly more urgent solid waste
management problem. While the solution to the
solid waste disposal problem in the developed
world will largely solve the marine debris
problem, the reverse is certainly not true. A
paradox of sorts arises here in that society
(and for the most part government), in the
United States appears to be highly concerned
with the marine debris problem and much less
motivated by the national solid waste crisis.
The foundation of this incongruity lies in the
emergence of a national, deep-seated "ocean



ethos" through the 1960's and 1970's (11).
Blatant evidence of this preoccupation with
ocean issues can be seen in the labyrinth of
federal agencies, commissions, committees and
institutions with authorities or jurisdictions
over marine affairs. A recent compilation
counted 54 marine oriented federal agencies and
entities, 86 federal statutes addressing marine
affairs, and 51 congressional subcommittees (32
House, 19 Senate) with ocean jurisdiction of
some sort (12).

While it ig exceedingly difficult to see how
this massive ocean bureaucracy could provide the
leadership needed to address the solid waste
crisis, public concern and support suggests that
an effective start could be made here. Is it
appropriate to use the marine debris problem's
current appeal to the public and to government
entities to lead them into facing the national
solid waste disposal problem? Nothing else
seems to have generated as much concern to date
or have as much potential to motivate the legal,
technological and behavioral evolution required
to solve the solid waste, hence, the marine
debris problem.

In recognizing the linkages between solid waste
management on land and the pollution of the
oceans, the ocean bureaucracy must organize
itself to develop, or initiate and support the
development of, a national solid waste
management agenda. Some signposts of progress
in this endeavor would include:

1. Preparation and publication of a
national pelicy and goals statement
regarding solid waste disposal issues;

2. Designation of a single agency or other
Federal entity to carry out these policies
and be responsible for meeting the goals
set out in the national agenda;

3. Identification of recycling, especially
plastics, as a primary national goal,
congolidating all related Federal
authorities that promote recycling under a
single act and agency;

4. Establishment of required solid waste
education curricula for elementary and

secondary schools nationwide;

5. Establishment of a long-term national

public awareness campaign focusing on
national needs for solid waste disposal
efficiency;

6. Review and revision of any statutes
providing incentives to create solid waste
or disincentives to recycling, re-
utilization or other efficient waste

management processes as may be developed;

7. Review and revision of existing solid

waste disposal enforcement policies and

resources to insure maximum effectiveness
of existing authorities;

8. Developing of methods and a program to
monitor the flow of land-source persistent
wastes into the aquatic environment;

9. Initiation of a thorough technical and
economic evaluation of incineration and
heat recovery incineration options for
destruction of solid wastes, both land-
based and offshore;

10. Evaluation of the options for ocean
disposal of certain categories of inert
solid wastes, and .

1. Evaluation of the uses for
intermediate products or by-products of
waste destruction such as ashes and slag,
mixed plastic blocks, chemicals and heat,
etc.

5. CONCLUSIONS

In orxrder to facilitate the solution to the
marine debris problem, these actions should be
undertaken immediately. The ocean community
must recognize their critical role in initiating

and maintaining the drive toward effective
solutions for the national solid waste
management crisis.
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FEDERAL PROGRAMS AND PLASTICS IN THE GZEANS

pavid Cottingham
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ABSTRACT
In response to increasing concern over plastic pal-
lution in the oceans, the Administration formed
the Interagency Task Force on Persistent Marine
Debris. Eleven Federal agencies participated on
the Task Force, which the National Oceanic and
Atmospheric Adminstration (NOAA) led. The Task
Force assessed existing information and
programs, and recom mended additional activities to
reduce problems caused by marine debris.

Marine debris causes three types of problems: 1)
it affects fish and wildlife by entangling them
and they ingest it; 2) it litters beaches, and

can create human health problems if it has stored
toxic or infectious substances; and 3) it clogs
vessel intake ports and propellors.

The Task Force recommended that Federal agencies
expand public awareness campaigns, continue research
on effects plastic debris causes, and support local
activities to remove debris. In December 1987, the
President signed a law which will prohibit disposal of
plastic materials in oceans prior to January 1, 1989.

1. INTRODUCTION

During 1987, the White House Domestic Palicy Council
(DPC) formed the Interagency Task Force on
Persistent Marine Debris, which the National Oceanic
and Atmospheric Administration (NQAA), chaired, to:
“assess the problem and the need for research,
identify potential reduction measures, and
consider alternative actions to address the
problem of plastic marine pollution.”
Representatives of seven Departments, four
independent agencies and the White House participated
on the Task Force:
— Department of Agriculture, Animal and
Plant Health Inspection Service
— Department of Commerce, National Oceanic
and Atmospheric Administration
-— Department of Defense, U.S, Navy
— Department of Health and Human Service,
Food and Drug Administration
— Department of the Interior
~— Department of State
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Department of Transportation, U.S. Coast
Guard

Council on Environmental Quality
Environmental Protection Agency

Marine Mammal Com mission

Office of Management and Budget

White House Office of Policy Development

iy

The Task Force reviewed availahble data on sources and
effects of persistent marine debris and developed a
series of recom mendations to reduce the problems.

One of the major foci of the report was to determine
the extent of ongoing programs in the Federal, state,
and local governments, and the private sector. Were
these efforts coordinated or complimentary? Were
Federal agencies pursuing similar goals through
research, education, and/or mitigation activites?
What were the appropriate roles for various levels of
government, interaction with the environmental
com munity, and private sector?

In this paper, I summarize two parts of The Report of
the Domestic Palicy Council Interagency Task Force
on Persistent Marine Debris (hereafter cited as
ITFPM D, 1988)—the recom mendations and who is doing
what to alleviate problems caused by marine debris.
For comprehensive discussions of the problenms,
sources of debris, and legal issues, I suggest readers go
to the Report (1), several excellent references

cited therein, including Center for Environmental
Education (2), Heneman (3), Laist (4), and Fowler (5
and 6), other papers precented during this panel, and
others at this conference.

2, RECOMMENDATIONS

The DPC endorsed all of the general and specific
recommendations that the Task Force made—five
general recommendations and 23 more specific
recom mendations.

These recommendations are aimed at reorienting the
priorities of the Federal government to address
appropriately the problems of persistent marine debris
(emd). These recommendations direct agencies to
increase effort and provide technical as well as
educational materials to state and local governments,
private citizens, and industry.

6 United States Government work not protected by copyright



Recom mendation 1: Federal Leadership:

Pederal agencies should provide leadership and
continue formal and informal coondination activities

related t marine debris with international

organizations, state and local governments, private
industry and environmental groups. Federal agencies

acknowledge that an effective program is only possible

with strong stabe and local invalvement.

Recom mendation 1A: Federal agencies should
cease disposal of plastic materials into the ocean
from &ll Federal vessels as soon as possible.

Recom mendation 1B: Federal agencies should
review their procurement and concession palicies
in coastal facilities to reduce the. amount of
plastic packaging, containers, and other products
that are improperly disposed of and become
persistent marine debris.

Recom mendation 1C: Federal agencies should
continue to participate actively in international
forums to reduce persistent marine debris.

Recommendation 1D: Federal agencies should
encourage plastic waste recycling by: 1
providing separate receptacles for different
types of trash at coastal facilities; 2) purchasing
ard using recyclable products and materials
whenever possible; and 3) providing technical
support to state and local agencies and industry
on recycling.

Recommendation 1E: NOAA should coordinate
and disse minate infor m ation related to persistent
marine debris, NOAA should call at least two
meetings of appropriate Federal agencies each
year to discuss each agency's education,
requlatory, and research programs, as well as to
ensure that a contined coordinated effort is
made to maximize the effect of existing Federal

programs.

Recommendation 1F: NOAA should continue to
sponsor the informal Marine Debris Roundtable.

Recommendation 1G: The Administration should
support the NOAA/Mearine  Entanglement
Research Program by induding it in the
Administration's FY 1990 budget and for at least
five years thereafter.

Recommendation 1H: Persistent marine debris
should be included as an element in the 5Year
Federal Plan for Ocean Pollution Research,
Development, and Monitoring.

Recom mendation 2:
Program:

Concerned Federal agencies should wark with each
other, state and local governments, private industry,
and environmental groups to develop comprehensive
educational materials on problems caused by marine
debris and ways to solve them.

Public Awareness/Education

Recommendation 2A: Federal agencies should

cooperatively support a major public awareness
campaign by providing seed money and
encouraging funding by the private sector.

Recommendation 2B: The U.S. Coast Guard,
U.S. Navy, and other Federal agencies should
include materials relative to persistent marine
debris problems in all educational materials for
employees and candidates for licenses.

Recommendation 2C: Federal agencies should
use all appropriate media to explain both
problems marine debris causes and proper
disposal methods. Federal agencies should
. support formation of an interagency information
exchange for availahle educational materials.

Recommendation 2D: The U.S. Coast Guard

should begin a public education campaign on the

requirements of the Marine Plastic Pallution

Research and Contrcl Act as soon as possible to

assure that owners and operators of all vessels,

ports, and the boating public are aware of
' requirements prior to their entering into force.

Recommendation 3: Vigorously Implement All Laws

Related to Marine Dehris:

The Department of Transportation, EPA, NOAA, and
Navy should vigorowsly implement the Marine Plastic
Pollution Research and Control Act and other laws to
reduce plastic pallution in the marine environment.

Recommendation 3A: Each agency should make
compliance with requirements of the Marine
Plastic Pollution Research and Contral Act a
high priority.

Recom mendation 3B: The Coast Guard and other
Pederal enforcement agencies should make
enforcement of regulatory requirements of the
Marine Plastic Pallution Research and Contral
Act a high priority.

Recommendation 3C: NOAA should encourage
regional fishery management councils to include
requirements that fish and shellfish traps and
pots have degradable panels or latches.

Recom mendation 4: Research and Monitoring:

PFederal agencies should carry out research to:

a) identify and quantify deleterious effects that
marine debris causes for fish and wildlife,
coastal com munities, and vessels;

b} determine land-based sources of marine
debris; and

C) assess potential uses for, by-products of, and
effects of by-products of degradahle plastic
products.

Recom mendation 4A: NOAA, the Fish and
wildlife Service, the Marine Mammal
Commission and other agencies should expand
research and monitoring activities to determine
more precisely impacts of persistent marine
debris on fish and wildlife populations,



particularly  endangered, threatened, and
depleted species.

Recommendation 4B: Federal agencies should
work with state and JIocal governments,
universities, merchant vessel owners and
operators, commercial and recreational
fishermen, and local communities to quantify
economic impacts caused by persistent marine
debris.

Recommendation 4C: EPA, NOAA, Coast Guard,
and other agencies should carry out research to
determine contributions of land-based and vessel
sources of plastic refuse to the overall problems,
as well as ways to reduce plastic debris from all
sources.

Recommendation 4D: NOAA should work with

fishermen and egquipment manufacturers

develop pragmatic ways to:

1) reduce loss of fishing equipment,
particularly traps, trawl nets, and gill nets;

2) improve ways to recover lost fishing traps
and nets; and

3) recycle used fishing nets and net fragments.

Recommendation 4E: The National Bureau of
Standards should work with the ASTM (formerly
known as American Society for Testing
Materials) and other industry associations to
develop standards and criteria for what
constitutes  "bio-degradable” and "photo~
degradable".

Recommendation 4F: EPA, FDA and NOAA
should work with plastic manufacturers to
examine how degradahble plastics react in the
environment, including potential environmental
effects as the plastic degrades.

Recom mendation 5: Beach Clean-up and Monitoring:

Federal agencies should work cooperatively among
themselves, as well as with state agencies, private
industry, and environmental groups to remove marine
debris from beaches and other parts of the marine
environment. Federal agencies should encourage
coordination with state and Jocal authorities
conduct systematic monitoring of marine debris
accumulation and impacts to assess compliance with
regulations prohibiting disposal of plastics and
controlling other solid waste discharges into U.S.
waters.

Recommendation 5A: Federal agencies which
manage coastal properties should step up actions
to remove persistent marine debris.

Recommendation 5B: Federal agencies should
support local valunteer beach clean-up efforts as
well as the collection and interpretation of data
on what the volunteers remove.  Federal
managers should encourage emplbyees to
participate in valunteer clean-ups.

3. FEDERAL PROGRAMS

Of the eleven Federal agencies participating on the
Interagency Task Force, eight are directly involved:
NOAA, EPA, the Navy, the Coast Guard, the
Department of State, the Fish and Wildlife Service,
Minerals Management Service, and Natioanl Park
Service within the Department of the Interior, the
Animal and Plant Health Inspection Service, and the
Marine Mammal Commission. Each has a different
role and accordingly, diverse programs to address the
breadth of the problem. Tahle 1 briefly summarizes
roles and ongoing programs of Federal agencies.

Almost none of the work conducted on persistent
marine debris is  identified as such in official
government budgets or program documentation. For
instance, debris removal from national wildlife refuges
and seashores comes under the official heading of
"Operations and Maintenance" and video tapes
produced by Sea Grant universities are funded through
the communications department at  schools.
Therefore, determining precisely how much
government agencies are spending on various aspects
of marine debris is difficult. Table 2 shows
approximate Federal agency expenditures (FY 1987
daollars) on persistent marine debris.

Department of Commerce, NOAA. The only Federal

program on marine debris directly budgeted is the
NOAA/National Marine Fisheries Service Marine
Entanglement Research Program (MERP). Congress
has funded MERP at approximately $750,000 since FY
1985. MERP supports a variety of research by Federal
and university scientists (mostly biologically oriented),
educational programs for fishermen and the general
puhlic, and mitigation. MERP established the Marine
Debris Rourdtahle as a way for Federal agencies to
coordinate their activites with environmental groups,
state agencies, and private industry groups.

Department of the Interior
Minerals Management Service (MMS). The MMSin the

Gulf of Mexico region has taken an active role in local
efforts to increase awareness of persistent marine
debris within the oil and gas industry and citizens
there. MMS organized the Take Pride in the Gulf Task
Force to bring together interested parties.

MMS regulates activities on oil and gas platforms in
Federal waters. MMS regulations prohibit disposal of
salid wastes, including plastics, from offshore
platforms and supply vessels.

National. Park Service (NPS). The NPS manages
national parks, national seashores, and waterways
throughout the country. As part of its educational
programs for visitors, NPS includes information on
beach debris and litter contral. The NPS maintains the
property it manages, including removal of refuse.
Officials at Gateway National Seashore in New York
Harbor estimate that they spend approximately $1.7
million per year removing debris from beaches. T a
survey of costs associated with cleaning beaches
managed by the NPS, officials estimate that they
spent approximately $950,000 from operational
budgets to clean beaches, in addition to over 50,000
man-hours of valunteer labor which picked up and
removed debris from beaches,




The Take Pride in America campaign focuses on care
and stewardship of public lands. Local parks and
groups use the Take Pride banner to organize beach
clean ups and gain media access.

Fish and Wildlife Service (FWS), The FWS manages
coastal wildlife refuges, from which it removes debris,
and monitors debris affecting wildlife, particularly sea
birds.

Department of Defense, U.S. Navy. The Navy is
developing shipboard com pactors, pulpers, and thermal
processors for plastics. As new equipment becomes
available, the Navy will test it aboard ship. The Navy
is altering its procurement practices to reduce plastic
packaging brought aboard ship.

Department of Transportation, U.S. Coast Guard. The
Coast Guard is currently preparing regulations to
implement Public Ldw 100-220, effectively Annex V of
MARPOL, which will take effect on December 31,

1988. The regulations will prohibit discharge of plastic .

materials from U.S. ships worldwide and from all ships
within the U.S. Exclusive Economic Zone. The Coast
Guard leads the U.S. delegation at the International
Maritime Organization, where the U.S. has raised a
number of marine pollution issues including Annex V.

Department of Agriculture
Animal and Plant Health Thspection Service (APHIS)

APHIS regulates garbage on ships which arrive in U.S.
ports and have previously visited ports other than
continental U.S. and Canadian ports. Garbage
regulated by APHIS includes food and any wrapping or
preparation equipment which has contacted food.
A PHIS requires all food-associated garbage from those
vessels to be incinerated or cooked prior to disposal in
landfills.

Enviconmental Protection Agency (EPA). Through
regulations implementing the Clean Water Act and
Ocean Dumping Act, EPA prohibits discharges of solid
wastes, including plastics, from waste water treatment
plants and point sources on land. EPA conducts
research to determine types and sources of plastic
material which becomes marine debris. EPA funded
the Center for Environmental Education to produce
Oceans of Plastic: More Than a Litter Problem (CEE,
1987).

Marine Mammal Commissison (MMC). The MMC
supports research to determine extent of problems
caused by persistent marine debris, particularly ghost
fishing nets. MMC jointly sponsored, with NOAA, the
First International Workshop on Fate and Impact of
Marine Debris, in 1984, and has actively supported
research and educational programs on the effect of
debris on marine mammals and other wildlife.

4. CONCLUSION

The medical wastes which washed ashore along the
New York and New Jersey coasts during the summers
of 1987 and 1988 probahly did more to get the Nation's
attention than all the previous events or scientific
papers combined. The media, national and state
legislatures, and local administrators now realize how

damaging marine pallution, and the plastic component
of that overall problem, affects lives of all citizens of
the Nation. Citizens are beginning to demand action
to improve the situation. The Report of the ITFPMD
lays out a Ilogical strategy for addressing the
problem. We do not need a plethora of new laws and
regulations. We need to:
- - implement the

: regulations quickly;

— find effective ways of enforcing existing
pollution and litter laws;

— begin a major public education campaign to
gain cooperation of all U.S. citizens and
others who use our coastal ocean;

— continue research and monitoring activities
to understand sources of marine debris, fate
of plastics in ,the ocean and impacts on
living marine resources.

MARPOL Annex V

Gathering the background information for the ITFPMD
Report demonstrated, once again, the difficulties one
encounteres due to the multiple overlapping Federal
interests in marine issues. To be sure, the research,
education, requlatory activities to address persistent
marine debris could be expanded with additional
monies and people. However, most agencies are
addressing ways to resalve the problems within their
areas of responsibility.
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Table 1

Department of Com mexrce
NOAA

Department of the Interior
MMS

NPS

FWS

Department of Transportation
Coast Guard

Environmental Protection
Agency

Department of Defense
Navy

Department of Agriculture
APHIS

Department of State

Marine Mammal Com mission

EDUCATION

o Develops educational
materials for fisher—-
men, plastics industry
boaters

o Funded Newport, OR,
port project

O Supports nationwide
beach cleanups

o Developed, with opera—
tors, video and print
material for platform
and supply vessel
workers

0 Volunteer beach clean
ups at national sea-
shores

o Education campaign in
comjunction with Take
Pride

o Displays at coastal
refuges

o0 Educational material on
effects of pmd on wildlife

o Information disse mina-
tion through CG Aux-
iliary

o Supports nationwide
beach clean up

o Supports conferences
and symposia for
scientists and public

10

FEDERAL PROGRAMS TO ADDRESS PLASTIC MARINE POLLUTION

RESEARCH

o Conducts research on
impacts of pmd on
fish, marine mammals,
sea turtles

0 Supports research in
Gulf of Mexico to de-
termine sources and
quantities of beach
Jebris

o Systematic debris ac- .
cumulation surveys at
selected sites

0 Research on effects of
pmd on wildlife, eg.,
seabirds

O Assesses equipment to
handle wastes aboard
vessels

o EBEvaluates waste stream
from ships

o Supports and conducts
research on alternative
means of waste dis-
posal and degradable
technology

© Developing compactors,
grinders, and thermal
devices to handle
wastes aboard ship

O Supports assessments
of impacts of pmd
on marine mammals

-

Source: ITFPMD, 1988

MITIGATION

o Supports photodegra-
dable plastic research

o Requires fishing pots
and traps to have de-
gradable parts

o Requires NOAA vessels
to bring all plastics
ashore

o Prohibits disposal of

solid materials from
oil and gas platforms

o Beach maintenance

o Beach maintenance

0 Regulates discharge
from vessels

0 Regulates effluent
discharges from
point sources on
land, ocean dum ping
and solid waste
disposal

© Reducing purchase of
certain plastic pro-
ducts, e.qg., 6-pack
rings

o Requires garbage
from foreign ves—
sels to be cooked

prior to disposal

o Leads international
delegations to IM O,
UNEP, etc.



Table 2. Federal Expenditures Related to Persistent Marine Debris. Source, ITFPMD
(FY 87, thousands of dollars)

Education Research Mitigation

DOC/NOAA 302 435 140
DOL 80-150 78 950
DOT/CG 250
EPA 40 500
DOD/Navy 500

#



EDUCATION AND AWARENESS: KEYS TO SOLVING THE MARINE DEBRIS PROBLEM

Kathryn J. O'Hara
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ABSTRACT

The Center for Environmental Education (CEE), a
non-profit marine conservation organization, is
conducting a national education campaign on the
problems caused by plastic debris in the marine
environment. Sponsored in part by the National
Oceanic and Atmospheric Administration's Marine
Entanglement Research Program and The Society of
the Plastics Industry, the campaign includes the
development and distribution of educational mat-—
erials on this problem to the commercial fishing.
merchant shipping, and plastics industries, as

well as to recreational fishermen, pleasure
boaters, and the general public. CEE has recently
established a National Marine Debris Clearinghouse
for dissemination of educational materials and a
National Marine Debris Data Base that will provide
a4 means to monitor the effectiveness of educa-—
tional efforts and new legislation directed at
solving the marine debris problem.

INTRODUCTION

Manmade debris in the marine environment, once
considered to be merely an aesthetic problem, is
now the focus of national attention. During 1987,
a Presidential task force, a federal workshop,
federal and international laws, several national
and international conferences, and more than a
gquarter of a million citizens across the nation

all focused on a relatively new marine pollution
issue: plastic debris and its impacts.

A major reason for this heightened concern is that
plastic debris is causing widespread mortality of
marine mammals, turtles, fish and birds. Recent
studies in Alaska indicate that as many as 30,000
northern fur seals become entangled in plastic
debris, primarily fishing nets and strapping

bands, and die each year. For other species, such
as marine mammals, sea turtles, seabirds and fish,
there is in¢reasing worldwide documentation of
ingestion of plastic debris.

Sources of plastic debris include both vessels
that follow a centuries-old practice of dumping
garbage at sea, and several land-based sources
which discharge plastic materials via storm and
sewer drains and other avenues. Plastic fishing
gear, cargo sheeting, and galley wastes from ships
are becoming increasingly prevalent in marine

areas. Plastics generated from land-based sources
include sewage—associated wastes such as plastic
tampon applicators and disposable diapers. Other
sources include the plastics manufacturing and
processing plants which produce and transport
plastic resin pellets.

Several important initiatives prior to 1988
documented what is presently known about the
plastic debris problem. In 1984, at the request

of the U.S. Marine Mammal Commission, the National
Oceanic and Atmospheric Adminsitration's, National
Marine Fisheries Service (NMFS) organized an
international workshop to identify the scientific
and technical aspects of the debris problem and
its impacts on marine species. Later that year,
Congress appropriated $1 million to NMFS to
develop a comprehensive research and management
program addressing the issue. Over the past three
years, the NMFS Marine Entanglement Research
Program has added increasing documentation on the
extent the problem. A major component of this
program has been the development and distribution
of educational materials for sources of marine
debris.

In 1986, the U.S. Environmental Protection Agency
commissioned the Center for Environmental
Education to prepare a report on the plastic
debris problem in the marine and Great Lakes
waters of the United States. The study helped to
redirect attention from general 'marine debris' to
those problems caused specifically by plastic
items. The study showed that plastic debris is a
nationwide problem for marine wildlife. It also
identified the major ocean and land-based sources
of plastic debris, but indicated that the total
amount of debris generated by these sources is
unknown. Finally the study noted the absence of
appropriate laws to address the plastic debris
problem (CEE 1987a).

Recognizing that exisiting pollution control
authorities are inadequate, legislators have
introduced bills at the local, state, and federal
levels to address the plastic debris problem. In
1987, the U.S. ratified an international treaty,
Annex V of the Convention for the Prevention of
Pollution from Ships, or MARPOL Treaty., which
would prohibit the disposal of garbage, and
plastic items in particular, by all ships at sea
effective December 31, 1988.
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But what about the groups that have been
identified as sources of marine debris? How will
these groups respond to increasing public pressure °
and new laws that will make a centuries old
practice of of tossing trash over the rail

illegal? More importantly, it is forseeable that
that a law which governs ocean-based activity in
an area that covers over two-thirds of the earth's
surface may have major enforcement problems.
Therefore, solutions to the marine debris problem
will largely rely on voluntary compliance.

In order for those engaged in ocean activities to
understand the importance of complying with these
new laws, they must be made aware of the extent of
the marine debris problem. They must first
understand that plastics are a different kind of
trash causing the majority of problems in the
marine environment., They must also be informed
that the accumulation of plastic trash in the
oceans has a negative impact on ocean user groups
in terms of economics, safety due to vessel
disablements caused by plastics, and reputation.
Moreover, they must accept the fact that while no
one group is responsible for all the plastic trash
in the ocean, solutions to this problem will

reguire cooperation among all groups that are now
dumping plastics at sea. Education programs which
explain these and other aspects of the marine
debris problem could lead to solutions.

CEE'S MARINE DEBRIS EDUCATION PROGRAM

Recogniiing the importance of education and
awareness in soving the problems caused by marine
debris, the Center for Environmental Education has
developed an extensive education program for
marine industries and other groups. In 1987 and
1988, under contract to the National Oceanic and
Atmospheric Administration's (NOAA) NMFS Marine
Entanglement Research Program, CEE began to
develop and distribute marine debris education
materials. Based on the types, quantities, and
problems caused by plastic debris in U.S. coastal
areas, six major groups were identified for
educational efforts. the commercial fishing,
merchant shipping, and plastics industries,
recreational boaters and fishermen, and the
general public. As part of this project, CEE also
began working with The Society of the Plastics
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Govemment scrurinyif we il
fotaheacdon tosalveit,

aﬁ?ou besaving.
fevert oz you carihelp,
Cemsr;or Ervirommental
25 Desaies Streey
300, Washingior,

CEE/NOAA/SP1

public service advertisement
developed for the commerical fishing industry.

Industry (SP1) on a national campaign to promote
the proper disposal of plastics. Subsequently )
CEE, NOAA, and SPI launched a national education

en its done holding your ship’s §aroag

" itcould hold death for some marine animals.

campalign. Following is a description of some
materials developed as part of this campaign.

Marine Industry and Recreational Groups

In 1987, CEE/NOAA/SPI completed the first phase of
the educational campaign which consisted of public
service adverstisements and brochures developed
for each of the following groups: commercial
fisheries, merchant shippers and the plastics
industry (Figures 1-3). To date these ads have
appeared in fifteen major trade journals, in
addition to several regional and local

publications. CEE has also distributed
approximately 30.000 brochures developed for these
three groups. :
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This plastic trash bag may
not look like ajetlyfish to you.
But toa hungry sea turtle, it
might And when the tunje
swallows an empty hag, the
mistake becomes fatal.

Theproblern is more than
bags. Plastic six-pack holders
sometimeshecome lods
around the necksand bills of
pulicans and other seabirds,
ultimately strangling orstarv-
ingthem. Orher plastic refuse,
either through ingestion or
entanglement, causes the
deaths of thousands of seals.
whales. dolphins andother
maring mammais every year.

Plastic debrisalso causes

Figure 2. CEE/NOAA/SPI
developed for the merchant shipping industry.

costly and potentiaily hazard-

ous dedays toshipping whenit

fouls propellers or clogs intake
ITs.

s acriticalissue, destined
o attract public and govern-
mer scrutiny ifwe fail to take
action fosolveit. )

So please. stow your teash,
and alert your shipping termi-
nals that you will need proper
disposal on land. Aseaturtle
may not know any hetrer, Bul
now. you do!

T learn huw you can help,
write: Center for Environmental
Education, 1725 DeSales Streel.
N.W, Suite 500, Washingron,
D.C. 20036,

puBlic service advertisement

B
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Figure 3. CEE/NOAA/SPI public service advertisement
developed for the plastics industry.

In 1988, phase Il of the CEE/NOAA/SPI campaign
commenced with the development of public service
advertisements and brochures developed for
recreational fishermen (Figure 4), and for
recreational boaters (Figure 5). Major journals

for these groups are now being contacted to secure
placement of these ads. Using these educational
ads, CEE plans to develop posters for placement in
marinas and bait and tackle shops.

Th:s dtscarded line is done ﬁshmg
5 ‘But its not done: kllhng

Figure 4. CEE/NOAA/SPI1 public service advertisement
developed for recreational fishermen.

Figure 5.

CEE/NOAA/SPI public service advertisement
developed for recreational boaters.

General Public

Perhaps one of CEE's most successful efforts has
been our citizen beach cleanups in Texas where in
1986 and 1987 CEE organized the largest beach
cleanups in the history of the nation. In 1986,
over 2,700 volunteers collected 125 tons of debris
on 122 miles of beach. In 1987, more than 7,000
volunteers collected 309 tons of debris on 157
miles of beach. The Texas Coastal Cleanup
Campaign has not only increased awareness among
the general publie, but helped to initiate efforts
on the part of the Texas General Land Office in
formulating a statewide "Adopt—A-Beach" program.

One of the most important aspects of the Texas
cleanups has been the use of a system for
collecting, recording, and analyzing data on the
types of debris collected. From this data, CEE
has been able to determine that more than 65
percent of all debris items recorded in 1986 and
1987 was comprised of plastics. In 1987, this
included more than 31,000 plastic bags, 30,000
plastic bottles, and 15,000 plastic six-pack

rings, in addition to numerous items indicative of
ocean sources such as more than 4,900 plastic
strapping bands, 7,460 plastic milk jugs, and
4,170 plastic light sticks used by fisheries

(Table 1). Based on these data findings, CEE has
published two reports on the debris problem in
Texas which contain documentation on the sources
of debris, and recommendations for federal, state
and local governments, industry, and other groups
to reduce the marine debris problem (CEE 1987b,
CEE 1988).



Table 1. Results of data collected from the Center for Environmental Education’s

1987 Texas Coastal Cleanup.

NUMBER OF DEBRIS ITEMS

DEBRIS TYPE

Plastic

bags 31773
bottles 30295
caps, lids 28540
pieces 21619
rope 18878
6-pack holders 15631
cups, utensils 12486
milk jugs 7460
strapping bands 4933
sheeting, lrg. 4817
fishing line 4225
light sticks 4179
toys 2820
straws 2639
disposable lighters 2429
"write protection" rings 2337
vegetable sacks 2023
diapers 1914
shoes 1750
fishing net 1719
buckets 1708
tampon applicators 1040
syringes 930
hardhats 225
Total Plastic 206370
Styrofoam

pieces 22609
cups 14998
egg cartons 3417
buoys 1048
Total Styrofoam 42072
Glass

pieces 21214
bottles 17902
light bulbs 2327
fluorescent light tubes 1088
Total Glass 42531
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DEBRIS TYPE NUMBER OF DEBRIS ITEMS
Metal

beverage cans 20580
pull tabs 8925
bottle caps 8273
other cans 4469
pieces 3658
wire 28017
large containers 1105
drums-rusty 268
drums-new 225
Total Metal . 50310
Paper

bags 4428
cartons 4073
cups 4511
newspaper 1415
pieces 12292
Total Paper 26719
Nood

pieces 9306
pallets 605
crates 292
Total Wood 10203
Rubber

gloves 4127
tires 546
Total Rubber 4673
TOTAL 382878



In 1988, CEE established a National Marine Debris
Data Base for beach cleanups conducted during

COASTWEEKS '88 (September 17-October 10) so that

standardized information can be obtained
nationwide. Sponsored by the 0.8. Environmnetal
Protection Agency, National Oceanic and
Atmospheric Administration, and the U.S. Coast
Guard, the data base will provide essential
information not only for understanding specific
debris problems in different parts of the country,
but also for evaluating the effectiveness of Annex

V and other measures implemented to reduce debris.

A final national report containing information
from all statewide cleanups will be produced by
CEE in 1989,

in addition to the the National Marine Debris Data
Base, CEE has established a National Clearinghouse
on Marine Debris and Entanglement. Created in
response to a growing number of requests for
information on the marine debris problem, the
Clearinghouse functions to disseminate CEE's
educational materials and other information on
marine debris to federal and state government
agencies, industry groups, educators, the press
and media, and the general public. This includes
the distribution of 50,000 copies of CEE's

A Citizen's Guide to Plastics in the Ocean, a
guide intended to inform citizens of the growing
problem of plastics in the ocean and provide

suggestions on how citizens can become involved im

solving this problem.
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ABSTRACT

Side-scan sonar, underwater video, manned
submersibles, and conventional surface vessel and
scientific SCUBA diving operations have been
combined in an interdisciplinary, wmulti-
institutional investigation of hardbottom
environments on the L'MAFLA (Louisiana-Mississippi
-Alabama and Florida) shelf in the northern Gulf
of Mexico., The hardbottom environments consist of:
(1) moderately sloping ridges of rock rubble (e.g.
nodular sideritic sandstone and mudstone) and
shell hash (including bored and abraded oyster
shell) to TJow-relief outcrops (e.g. dolomitic
sandstone) on the inner-shelf (21 to 32 m); (2)
mound-1ike features of bioclastic limestone on the
mid-shelf (30 to 40 m); (3) calcareous reef-like
pinnacles (largely . composed of Lithothamnion) on
the shelf break (72 to 100 m); and (4] quartose
sandstone and pebble conglomerate at the head of
the De Soto Canyon. Epifaunal communities on the
inner-shelf are dominated by octocorals
(Leptogorgia virgulata and Lophogorgia hebes),
Deeper hardbottom environments 3incTude soTitary
corals and antipatharians, as well as deep’ water
species of octocorals.

1, INTRODUCTION

Numerous hardbottom! areas have been observed
along the south Atlantic and Gulf coasts of the
United States (Buchanan 1973; Huntsman 1976;
Huntsman and Manooch 1978; Shipp and Hopkins 1978;
Felder and Chaney 1979; Grimes et al. 1982; Wenner
et al. 1983; Chester et al. 1984; Parker and Ross
1986; Mearns 1986). Most recently, Putt et al.
(1986) have reported on the presence of
hardbottoms in shallow waters offshore of
Louisiana (299N; 939W), and have described the
fauna of these areas. Thick growths of bryozoans,
sponges, and gorgonians cover the substrate, and

lHardbottom is defined as: A generic term that

describes any seafloor feature or deposit with a
hard or indurated surface. Therefore, there are
no qualifications or restrictions placed on the
origin {lithogenous, biogenous, or hydrogenous),
size (shell hash and gravel to boulders to
outcrops and reefs) or morphology (debris fields,
platforms, ridges, banks or pinnacles) of
hardbottom substrates (Schroeder et al. 1988).

snappers, groupers, amberjacks and many tropical
and subtropical species were present, Most of
these sites have been less well studied than the
major offshore reefs in deeper water such as the
Florida Middle Grounds (Smith et al. 1975; Grimm
and Hopkins 1977; Hopkins et al. 1981; Clarke
1986) or the Flower Garden Banks in the
northwestern Gulf of Mexico (Parker and Curray
1956; Bright and Pequegnat 1974; Bright 1983;
Rezak and Bright 1983). Nevertheless, hardbottom
areas 1in depths of 20-200 meters support
extraordinary numbers of invertebrates and fishes,
and serve as focal points for commercial and
recreational fishing activity. For example, it
has been estimated that in South Carolina waters
nearly 70% of recreational bottom fishing activity
was expended on hardbottoms, even though
hardbottom constituted only about 8% of the total
bottom area .(Buchanan 1973).

Historically, offshore areas along the north-
central Gulf of Mexico coast have been typified by
expanses of muddy to sandy substrates (Curray
1960; Ludwick 1964) with 1ittle or no vertical
relief {Parker et al, 1983). Parker et al, (1983)
state that from Pensacola, Florida to Pass
Cavallo, Texas, reefs of all types make up only
3.2% (2,571 acres) of the bottom between depths
of 10 and 91 meters and only 50% of the 2,571
acres has relief in excess of 1 m, In the north
central Gulf of Mexico, east of the Mississippi
River Delta (Figure 1), there is no published

FIGURE 1, The GulFf of Mexico,
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evidence that hardbottoms are a conspicuous
feature of this continental shelf margin, nor were
exposed hard substrates expected to occur in an
area that receives such large amounts of sediment
from adjacent river systems and estuaries (Shepard
1956; Ludwick 1964; Ryan 1969; Boone 1973) and
that is reported to be covered by sediments with a
high percentage of fine grain (silt and clay)
material (Shepard 1956; Ludwick 1964; Upshaw et
al. 1966; Ryan 1969; USACOE 1982), The one report
of hardbottom environments on this shelf is by
Ludwick and Walton (1957). They conducted a
general survey of topographic high features near
the sheif break, between 70-100 m, and their
associated sediments and faunas. A detailed study
was made of a 13 km? section commenly known as the
Pinnacles (see Figure 2).
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FIGURE 2. Locations of an-going and proposed study areas (s011d 1ines) and
alternative andfor future study areas (dashed Tines).

Over the-period April 1984 to May 1988 scientists
from the Dauphin Island Sea Lab have undertaken 43
research cruises on the L'MAFLA shelf and
identified hardbottoms at several locations in the
depth range of 20-100 m (Figure 2). The most
comprehensive data has been collected over the
past two years and is currently being analyzed. In
addition, Texas A&M University has just completed
Year-1 of a three year research project, funded by
Minerals Management Service (MMS), which includes
an extensive investigation of a 1400 km2 area on
the Mississippi-Alabama outer continental shelf.

These areas support organisms including bryozoans,
hard and soft corals, and sponges, as well as
snappers, groupers and other fish species, and are
well known to local fisherman (although not to
scientists). The areal extent of these
hardbottoms is unmeasured and their contribution
to the recreational and commercial fishery is
unknown. Based on anecdotal information from
fishermen, the importance may be substantial and
our preliminary data suggest that the existence of
more previously uncharted and essentially unfished
hardbottoms is quite likely. It is also quite
possible that these hardbottom communities are
staging areas for first or second year fish that
could colonize newly established artificial reef
habitats. Thus, siting plans for new artificial

18

reefs should consider placing these structures
adjacent to existing hardbottom communities which

contain a ready source of colonists (Stone et al.
1979; Grimes et al. 1982; Stone 1986).

2. METHODOLOGY

Physiographic description and classification of
hardbottom study sites are based on a combination
of side-scan sonograph image maps, subbottom
seismic profiles, bathymetric information from
fathometer records and ground truthing {u/w TV-
video, SCUBA diving, manned submersible dives and
grab and dredge sampling), Side-scan sonograph
images are plane-view graphic records of
electronic signals that are directly proportional
to acoustic energy that is backscattered from the
seafloor (Fleming 1976). Backscattered energy is
influenced (1) by the altitude and orientation of
the seafloor surface (bathymetry) and (2) by
surface reflectivity, which is a function of
material density and surface roughness (sediment
or bottom texture). Thus, the image represents
the geological nature of the seafloor, and
provides a useful map base for surficial geologic
data,

Map plots of sites sampled by grab and dredge
operations and observed by u/w TV video or during
manned submersible dives and SCUBA dives are
currently being integrated with precise
bathymetric maps (constructed from digitized
fathometer records) and side-scan images to
compile and interpret the geology of each area,
The classification of the hardbottom environments
is focusing on: (1) the nature of the
rock/substrate features (e.g. oltcrops, clasts or
slabs, mounds or ridges of loose shell or rock
rubble, hard pan, pinnacles or reef-like
structures); (2) areal extent; (3) vertical
relief; (4) relationship to adjacent unlithified
sediments; and (5) the general composition of the
live cover.

Substrate samples have been collected during wet-
diving operations and manned submersible dives as
well as ship board grab and dredging operations.
The geological description of these hardbottom
substrates, based on a combination of analytical
methods (thin-section petrography, X-ray
diffractometry, scanning electron microsopy,
stable-isotope ratios, and radiocarbon dating),
will form a basis for interpretation of their
origin and allow comparison with previously
described materials of a similar nature elsewhere.
Unlithified sediments are being analyzed by sieve
and hydrometer for particle size and by acid

dissolution for determination of carbonate
content.

Dredging operations have verified the presence of
dense octocoral populations on the inner to middle
shelf hardbottoms. Because these species are
sessile, their age structure integrates factors
which affect recruitment and mortality rates in a
particular habitat (Grigg 1975). Diving operations
to date have focused on tagging and measuring soft
corals to evaluate the age structure of



populations at three sites; Southeast Banks,
Southwest Rock and 17 Fathom Hole {Figure 2). We
are in the process of sectioning corals collected
from these three sites and examining growth rings
to determine age structure of the population
{Grigg 1974). Future efforts will attempt to
estimate densities and growth rates of soft corals
and evaluate productivity across the shelf.

3. GEOLOGY

Alabama-Northwest Florida Inner-shelf.

T7 Southeast Banks: The Southeast Banks area is
located approximately 28 km Southsoutheast of the
entrance to Mobile Bay (Figure 2), in water depths
of 21 to 26.5 m. Schroeder et al. (1988) have
characterized two sites within this area, The
first is a rock rubble field on a moderately
sloping bottom of shell hash and silty sand. Racks
are irregularly shaped slabs of sandstone, up to
0.8 x 0.7 x 0.2 m, varying in color from buff to
dark gray. Most of the rocks have epifaunal
encrustations and many have pitted surfaces due to
Lithophaga borings. The second is a relatively
TTat botiom of sand and rock rubble south and east
of Site 1 containing similar rock substrate.

2) Southwest Rock: The Southwest Rock area lies
approximately 17 km south of Dauphin Island
(Figure 2), in 20 to 22 m of water. Two sites have
been described by Schroeder et al. (1988), Site 1
is a rock outcrop, known as "Southwest Rock”, It
is 7 to 9 m across and rises 1 to 1.5 m above a
relatively flat, muddy sand bottom, A second,
similar feature, approximately 1.5 to 3.5 m across
is Tocated 10 m to the southwest. Scattered rock
rubble is present in the vicinity. The rock
material is a well-indurated, medium gray, shell-
bearing sandstone with irregular holes and pits
due to dissolution and boring. The outcrops are
coveredwith an encrusting epifauna.

Site 2 encompasses a gently sloping ridge that
trends NNW-SSE and has 1 to 1.5 m of relief, Based
on the sonograph records this ridge is a 1inear
featuremeasuring 1.5 km in length.The northeast
facing slope is covered with rock rubble and shell
hash. Rocks are ferruginous and rounded, with
complex nodular form and sparse to moderate
encrustation, Shell materials composed of fresh
intact shells of neritic forms, as well as bored
and abraded fossil shells including estuarine
forms such as oysters.

3) 17 Fathom Hole: This study site is located
approximately 37 km south of Mobile Bay

(Figure 2), in an uncharted depression with depths
of 30 to 32 m. Two features are presently being
investigated. One is a Targe outcrop (reef-like}
structure with dimensions on the order of 100 x 35
X 2 m and the other is a mound-like feature of
vock rubble covering an area of approximately
300 m? and with a vertical relief of up to 2 m,

4) Big Rock / Trysler Grounds: Schroeder et al.
(1988) describe two sites from this area; which
lies approximately 46 km offshore the Alabama-
Florida state line (Figure 2), at water depths of
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between 30 to 35 m., The first site is known as
"Big Rock" and consists of a large mound-like
feature with approximately 5 m of relief. The
substrate collected to date is a light gray,
porous bioclastic limestone upon which a moderate
to heavy epifaunal growth occurs. The second site,
the "Trysler Grounds", has similar rock on an
irregular hummocky bottom.

Mississippi-Alabama Quter-shelf.

1) The Pinnacles: Located 105 km southsoutheast of
Mobile Bay and 120 km east of the Mississippi
River Delta (Figure 2}, in 100 to 180 m of water,
these structures are perhaps the most unique
hardbottom features on this shelf, Ludwick and
Walton (1957) state that a number of the pinnacles
stand 12 to 15 m (average height is 8 m) above the
surrounding sea floor and are onlya few hundred
meters across, measured above the basal talus
slopes. Side slopes are steep and irregular; some
are vertical. Water depth to the top of the
pinnacles averages 99 m and ranges between 89 to
168 m, Some of the conclusions Ludwick and Walton
came to are: (1) that these features are part of a
more extensive carbonate zone found at the shelf
break in many other Gulf of Mexico locales; (2)
the pinnacles they studied had a reef origin at a
lowered sea-level; and (3) at present, the reef is
not growing appreciably and is considered to be

dead. Calcareous algae (Lithothamnion), the chief

constituent of the reef rock and surrounding
sediment, are no longer found living on or near
the pinnacles.

2) 40 Fathom Isobath: This well known fishing
banks complex is located 24 km northeast of the
Pinnacles area (Figure 2). As the name states
water depths are around 40 fm or approximately
75 m. Fathometer records indicate that the
hardbottom environments associated with this area
are often topographic features, with up to 9 m of
relief, that are either mound-, pinnacle- or
ridge-1ike in form. Some of these features are
inciuded in the "New-Areas” discussed below. At
this time no substrate samples have been collected
from this area.

3) "New Areas": These areas have recently been
identified on side-scan sonograph records obtained
by Texas A&M University in conjunction with their
MMS-Mississippi/Alabama Marine Ecosystem Study.
These areas are scheduled to be investigated with
u/w TV video mounted on a Remotely-Operated-
Vehicle and conventional dredge and grab sampling
during the month of July. Some of the features to
be studied have distinctive or unusual signatures
on the sonograph records and have been
preliminarily given names such as "Pox Field",
"Boulder Field", "Footprints", "Flat-tops" and
"Snake Ridge". .

Head of the De Soto Canyon.

This study area Ties on the northwestern rim of
the Head of the De Soto Canyon approximately 40 km
southeast of the mouth of Pensacola Bay (Figure
2}, in 50 to 60 m of water. The major isobaths in
this region trend southwest to northeast while
the hardbottom feature appears to have a WSW-ENE



orientation. The hardbottom is a sheet-like
structure, up to 2 m thick, composed of coarse
quartose sandstone and pebble conglomerate, which
has undergone extensive orthogonal fractioning.
The shallow, northwest side is nearly flat with a
combination of exposed and partially exposed
surfaces mixed in with large areas of sand that
are vary often covering hardbottom substrate. On
the deeper, southeast side the rectangular blocks,
formed as a result of the fracturing, are
separating and slumping or creeping down slope as
a result of undercutting of the unconsolidated
sand layer below. Consequently, a zone of

inclined blocks and rock rubble, with a relatively
steep face, has been formed.

Shipp and Hopkins (1978) observed a feature
composed of one to three ridges (of rectangular
blocks), up to 20 m wide, with intervening sand
zones, Relief of the ridges varied from barely
detectable to 10 m. In addition, fathometer
records they obtained suggested the presences of
"spire-1ike" ledges up to 15 m in relief,

4. BIOLOGY

Biological assemblages of the shallow, inner-shelf
hardbottom habitat are dominated by the soft
corals, Leptogorgia virgulata and Lophogorgia
hebes. LSS 0bVIoUS components include hydroids

and bryozoans. Mobile invertebrates observed
1nc1ude the urchins, Arbacia punctulata and
Lytechinus variegatus, as well as portunid crabs.
On the outer-sheTT, deep water octocorals dominate
the epifaunal community, along with solitary
corals and antipatharians. The hard coral, Oculina
diffusa, is the only epifaunal species observed to
occur across the entire shelf.

Growth rings have been identified in both species
ofshallow water soft corals and we are in the
process of verifying the periodicity of the
banding. Initial field measurements indicate that
Lophogorgia are significantly smaller (x=
cm) at our 20 m Southwest Rock station than
at Southeast Banks, our 25 m station (X =
46.7 cm).
17 Fathom Hole (30-32 m station) for comparison.

The Leptogorgia/Lophogorgia community has been
reported as common on the inner- to middle- shelf
of f South Carolina (Wenner et al. 1983) as well as
off central western Florida (Bright et al. 1981)
and there 1is evidence that year-to-year variation
in the abundance of soft corals results from the
seasonal fluctuations in temperature and light
characteristics of the continental shelf
environment {(Peckol and Scarles 1984). Storm
waves, current regimes and turbidity also
undoubtedly play a role in mortality caused by
scour and shifting sediment (Grigg 1977; Farrant
1987; Gotelli 1988)., When complete, accurate
estimates of age frequency distributions at our
different study sites across the shelf are
available they should yield valuable information
on the chronology of colonization and extinction
events in hardbottom habitats; a form of
environmental hindcasting.

Too few measurements are available from
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VIDEO DOCUMENTATION OF HARDBOTTOM ENVIRONMENTS
W. W. Schroederl, R. Rezak? and T. J. Bright2

IMarine Science Program, University of Alabama, Dauphin Island, Alabama 36528
2Department of Oceanography, Texas A&M University, College Station, Texas 77843

ABSTRACT

Investigators will present underwater video
documentation of hardbottom environments along
the continental shelf of the northern Gulf of
Mexico. A variety of geological features and
biological habitats will be illustrated in support
of the discussions presented in the three previous
papers in the session by Rezak and McGrail, Bright
and Gittings, and Schroeder et al. Videos were
made from manned submersibles, ship-deployed
Remotely Operated Vehicles, and cameras tethered
to drifting vessels as well as during scientific
SCUBA diving operations.

Footage from the following areas will be shown:
{1) Texas-Louisiana outer continental shelf
(including the "Flower Garden Banks"); (2) the
"Pinnacies" of the L'MAFLA outer continental
shelf; (3) Alabama inner continental shelf
{including "Southeast Banks", “Southwest Rock",
and "17 Fathom Hole"); and (4) the “"Head of the De
Soto Canyon”.

CH2585-8/88/0000- 22 $1 ©1988 IEEE



THE USE OF ENCLOSED ECOSYSTEMS FOR THE STUDY OF CYCLING AND
IMPACT OF TRACE ELEMENTS

James G. Sanders and Gerhardt F. Riedel

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

Phytoplankton play an important role in the
biogeochemistry of many trace elements, through
incorporation within the cell and direct or in-
direct chemical transformation. We report on
studies carried out in large-volume, continuous
cultures maintained outdoors under ambient condi-
tions of light and temperature in which we ex-
amined the role natural phytoplankton populations
play in the availability and speciation of two
toxic trace elements. Silver was readily taken
up by phytoplankton, with uptake inversely pro-
portional to salinity. Uptake and incorporation
reduced silver availability to other estuarine
organisms. Arsenic is modified either by reduc-
tion or methylation. These transformations re-
lieve toxiecity to phytoplankton, but may serve to
increase the toxicity of arsenic to estuarine
fauna. It is important that we understand how
physico-chemical controls of trace element
speciation, algal incorporation, transformation
and release are coupled in productive estuaries
before we can predict the impact of anthropogenic
inputs of trace elements.

INTRODUCTION

The transport and impact of toxic sub-
stances are matters of major concern to
management of coastal estuaries and
oceans. Man's love for the coastline and
its attendant water bodies ensures that,
as population and industrial growth con-
tinue, the loading of toxic substances
into estuaries and the coastal ocean will
continue to increase. It is imperative,
therefore, that society address the po-
tential toxic effect of anthropogenic
inputs to these areas.

There are several impediments to suc-
cessfully addressing these concerns.
Society produces an overwhelming number
of potential toxic substances. The large
number of toxic inorganic compounds and
the ever-increasing array of organic
compounds require initial, broad assess-
ments of the compound's occurrence, con-
centration, and toxicity (1) and allow
detailed study of only a few, most impor-
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tant substances. Moreover, it is dif-
ficult to assess the potential for impact
at a community, or worse, ecosystenm
level. Individual species, particularly
species of varying trophic levels, may
exhibit vastly differing sensitivity to
the same toxic compound (2-4). Thus,
populations and communities do not neces-
sarily react in a similar fashion to
individuals. 1In addition, there are
indirect effects of altered trophic rela-
tionships caused by the disappearance of
sensitive species (5-7).

To further complicate the process of
assessment, bioclogical processes occur-
ring within organisms can transform the
original compound into a new set of com-
pounds that may have quite different
chemical and biological properties and
different relative toxicity (8).

Over the past several years, we have
developed an experimental microcosm sys-
tem to attempt to address such problems
in impacted estuaries. We have largely
focused our attention on the cycling,
interaction, and impact of low-level
contamination on natural phytoplankton
assemblages. Phytoplankton have an im-
portant role, comprising the base of the
aquatic food web in most systems. They
lend themselves quite well to such stud-
ies because they can be followed at the
community level and their rapid growth
makes apparent even subtle changes within
a matter of days. They are active in the
uptake and transformation of a variety of
inorganic and organic compounds. From
this trophic level, further investiga-
tions can build, allowing an assessment
of potential impact of trophic relation-
ships within the system and some insight
into the transfer of contaminants.

This article summarizes our work with
two, quite different inorganic contani-
nants, silver (Ag) and arsenic (As).
Silver is a cation in its biologically
active form and behaves in a manner simi-
lar to other cations such as cadmium and
copper. Arsenic, in its dominant chemi-
cal form, arsenate, is a nutrient ana-
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logue of phosphate and undergoes a vari-
ety of reduction and methylation reac-
tions and can be found in a number of
chemical forms. Both are present in
elevated concentrations in estuaries and
coastal systems such as the Chesapeake
Bay. As such, the pair are good models
for a wide variety of inorganic contami-
nants that may be present in a coastal
system.

MATERIALS AND METHODS

Location

" The studies were performed in the
Patuxent River, a subestuary of the
Chesapeake Bay, in Benedict MD. River
flows within the Patuxent vary widely, .
with large inputs of fresh water in the
spring, and greatly reduced flows in the
summer and early fall. This portion of
the estuary has an annual salinity range
of 10 °/oo, from approximately 5-15 °/oo,
a pH range of 7.5-8.5, and annual water
temperature extremes from 0 to about 30°
C. Thus, this portion of the estuary is
quite dynamic, and undergoes substantial,
seasonal variability.

Culture System

A system of large-volume, outdoor
tanks was utilized for these studies.
Natural phytoplankton from the Patuxent,
River were cultured in 500 1 cylindrical
fiberglass tanks, submerged in a raceway
to maintain water temperatures to within
1° C of ambient river temperatures. The
objective was to operate the tanks as
continuous, flow-through phytoplankton
cultures using the meschaline river water
without nutrient enrichment as the dil-
uent. The 12 tanks were initially filled
with Patuxent River water containing the
natural phytoplankton assemblage after
passage through 35 um nylon mesh to re-
move large herbivores. This initial
screening did not remove a significant
fraction of the phytoplankton. After
filling, the tanks were operated as con-
tinuous cultures, diluted with fine-
filtered (1 um) river water. Contami-
nants were also metered continuously to
maintain pace with dilution water. Fur-
ther details on design and maintenance
can be found elsewhere (9-12). The num-
ber of tanks allows several different -
contaminants, or several levels of the
same contaminant to be studied simultane-
ously in replicate systems. The systen
is quite adaptable and particularly suit-
able for studies of the cycling and im-
pact of toxic substances because 1) it
utilizes whole plankton communities
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rather than single species or even clonal
cultures, 2) environmental conditions
under which experiments are performed are
quite realistic, allowing most natural
biogeochemical reactions to occur, and 3)
the inputs of continual, small amounts of
contaminants more closely reproduce con-
ditions in a dynamic, natural ecosystem.

Other Experiments

In addition to these studies, numerous
experiments were performed in the labora-
tory using unialgal cultures isolated
from the Chesapeake Bay and other coastal
systems. Also, a number of studies were
carried out on board ship on cruises
within the Chesapeake Bay.

Metal Analyses
S8ilver in water samples was analyzed

according to Sanders and Abbe (13).
Samples were collected in rigorously
cleaned polyethylene bottles (14), frozen
and analyzed using graphite furnace
atomic absorption spectrophotometry
(GFAAS) with appropriate standards and
matrix modification, if necessary. Algal
cells were collected on acid-washed glass
fiber filters and digested in redistilled
concentrated HNO, in teflon vials (15).
Residues were redissolved in 1% HNO, (re-
distilled) and analyzed by GFAAS.

Arsenic was measured within water
samples using techniques modified from
Braman et al. (16). This technique al-
lows measurement of a variety of chemical
forms of arsenic, including arsenate,
arsenite, and methylated arsenicals.
Samples were collected as above for sil-
ver, fast frozen, and analyzed with no
further modification. Tissue samples
were digested as above for silver, then
analyzed as above for total arsenic.

RESULTS AND DISCUSSION

Silver

Silver is readily taken up by phyto-
plankton. Within 24 h, cellular contents
of Ag have increased from control levels
of approximately 0.03 ug g™' to 44 ug g7
when grown in silver concentrations of 2-
7 ug 17 (6,13). The uptake of Ag is
species specific, to some extent, with
smaller species such as Skeletonema cos-
tatum and Isochrysis galbana incorporat-
ing 2-3 times the cellular content of
larger species such as Prorocentrum
mariae-lebouriae (17). Silver uptake is
proportional to Ag concentrations within
the water column, which suggests passive
uptake mechanisms predominate (13,18).

.



Silver uptake is also salinity dependent,
with uptake inversely proportional to
salinity (13). Silver is heavily com-
plexed by chloride in saline systems; the
reduction in uptake and incorporation is
consistent with the reduction in free
silver ion as salinity increases (17, 19,
20). However, there are indications that
the uncharged ion, agCl’, may alsc be
available for algal uptake (17, 20).

Silver levels of 2 to 7 ug 17! have
measureable impacts upon the community
structure of phytoplankton (Figure 1).
We have noted the loss of some species
and attendant increased success of
others; however, in our experiments the
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Figure 1. Composition of phytoplankton
by taxonomic groups through time. A.
Control assemblages. B. Ag-dosed

(7 vy 1) assemblages.

species that flourished in Ag-dosed as-
semblages were "desireable" ones, mainly
centric diatoms (6) possibly as a result
of inhibiting less "desirable" species,
such as cyanobacteria. Laboratory. stud-,
ies have also shown that diatoms are more
resistant to silver than either flagel-
lates or dinoflagellates (17). There-
fore, even though the effect on phyto-
plankton species composition may be
large, probable effects to the ecosysten
as a whole may not be significant (é).

Perhaps the most important consequence
of silver uptake by phytoplankton is the
reduction of silver availability to high-
er trophic levels. Although phytoplank-
ton do not transform silver to a differ-
ent chemical form, they do actively par-
tition it between the dissolved and par-
ticulate phase. Studies with silver and
a dominant filter feeder in Chesapeake
Bay and other temperate estuaries, the
oyster, Crassostrea virginica, have con-
clusively demonstrated that silver as-
sociated with algal cells is not incor-
porated by the oyster after ingestion and
that oyster uptake and incorporation of
silver is solely via uptake of dissolved
silver (Abbe and Sanders, unpublished
data). Therefore, algal uptake and in-
corporation of silver effectively removes
silver from association with higher tro-
phic levels and reduces its potential for
impact.

Arsenic

Arsenic in oxidized, aquatic systems
is present primarily as an inorganic ion,
arsenate (21, 22). Reduced arsenic
(arsenite) and methylated arsenicals
(methylarsonate, MMA, and dimethyl-
arsinate, DMA) are also present occa-
sionally. :

The production of reduced and methy-
lated species is mediated by biological
processes (15, 21). The gquantity and
chemical form of arsenic released, and
resulting concentrations of reduced and
methylated species, vary between ecosys-
tems. The variation in reduced arsenic
is well correlated with primary produc-
tivity (5). In addition, the presence of
specific chemical forms of arsenic, par-
ticularly methylated arsenicals, appears
to be correlated with particular dominant
phytoplankton species (23).

The transformation of arsenic by phy-
toplankton is quite variable, however,
there is a general pattern to arsenic
speciation that can be followed either
during the development of a phytoplankton
bloom in enclosures such as ours, or in
the field as one moves down estuary,
essentially moving forward in time.



Arsenate is quickly reduced to arsenite,
which, through time, is reoxidized to
arsenate. Following the appearance of
arsenite are the methylated species,
which tend to persist through time and
dilute down the estuary into the coastal
ocean. An example of such a pattern is
illustrated in Figure 2, using both gen-
eralized curves and actual data from a
cruise in the Chesapeake Bay. Similar
data have been collected from our con-
trolled enclosure studies.

The proportion of reduced and methy-
lated arsenic species is of extreme im-
portance to the ecosystem as a whole.
Arsenite and methylarsonic species have
been shown to be the most toxic arsenic
forms (24). Arsenite is unstable under
oxidizing conditions and is rapidly re-
converted to arsenate (25). However,
both MMA and DMA are relatively stable in
marine systems, and may persist indefi-
nitely (26). The production, release and
persistence of MMA in a coastal ecosystem
may be extremely important, not only
because it relieves phytoplankton of the
inhibitory effects of arsenate but also
because it increases the toxic burden to
other organisms within the ecosystemn.
Thus, other biota within the ecosysten
may be inhibited by the change in chemi~
cal form and resultant increased
toxicity.

Arsenic inputs (5-10 pg 17!) to natu-
ral communities in general led to de-
clines in the growth rate of most species
of centric diatoms, with one exception,
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Figure 2. Progression of arsenic specia-
tion, either coincident with the develop-
nment of an algal bloom, or along an es-
tuarine gradient. Shown are generalized
curves for each arsenic species and data
collected from Chesapeake Bay, taken from
(23).

Thalassiosira pseudonana. In a number of
different experiments conducted with
arsenic over several years in Chesapeake
Bay, we have seen the same result: the
decline of larger centric diatoms (Cera-
taulina pelagica, Rhizosolenia fragilis-
sima, Chaetoceros spp., Skeletonema cos-
tatum) and their replacement by the small
Thalagsiosira sp. and, on occasion, small
flagellated species (4, 5, 6, 7, 10). As
an example, Figure 3 illustrates the
changes in species composition through
time in one enclosure experiment. This
shift in dominant species is probably
caused by replacement of sensitive spe-
cies by those either resistant to arsenic
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or those less likely to take up large
quantities of arsenic (8). From an eco-
logical sense, the shift in species com-
position and overall size can lead to
significant impact to higher trophic
levels which feed on phytoplankton.
Dominant zooplankton in the Chesapeake
Bay exhibited dramatically decreased
survival and fecundity when fed an ar-
senic-altered phytoplankton assemblage
(5, 7). An arsenic-induced shift in
phytoplankton not only led to the reduc-
tion in importance of copepods but also
resulted in an increased abundance of
small, noncrustacean grazers such as
ciliates and rotifers (7), promoting
greater importance of the so-called
microbial loop (27, 28).

Although phytoplankton exposed to
elevated arsenic concentrations take up
arsenic, the quantities are not as large
as seen with other trace elements. For
example, natural assemblages exposed to
10 ug 1! (approximately 10-20 times am-
bient) increased their arsenic content
approximately 50%, from 4.2 ug g to 6.2
. Bg g (6). Thus, biological removal of
arsenic from the water column is insig-
nificant, unlike the response seen with
silver and other cations.

Summary
There are many ways in which phyto-

plankton can alter the chemical form of
an inorganic contaminant, and not all
algae appear to interact as we have dis-
cussed. Further study of the biological
processes involved in controlling trace
ion form, transport, and transformation
in coastal water bodies will be necessary
in future years. Although all inorganic
elements will not react in the same
manner as the two discussed here, similar
geochemical and biological reactions will
occur, leading to the same possible
ecological responses. :

We must understand how several
processes are coupled in productive
estuaries before we can predict with
confidence the impact of arsenic, silver,
or other toxic compounds within affected
estuaries and coastal oceans. In some
instances the important effect of phyto-
plankton uptake may be the production of
toxic, methylated compounds, because of
their persistence, stability, and
toxicity to organisms within the eco-
system. Arsenic, and perhaps selenium,
tin, mercury, antimony, and lead are
elements of this type. In other cases
phytoplankton may reduce the toxicity of
elements by transforming them into less
toxic forms. Reduction of chromium and.
copper, either directly or by photo-
reduction or complexation (and detox-
ification) by DOC are examples of this
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type of effect. In other instances,
selective partitioning, as with silver,
may also reduce toxicity. In each in-
stance, however, the modifications medi-
ated by phytoplankton are of significance
to the estuarine ecosystem. They must be
considered when impact assessments are
made.
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INTERACTIONS BETWEEN INSOLATION AND NUTRIENT LOADING
AND THE RESPONSE OF ESTUARINE PHYTOPLANKTON
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The response of natural estuarine
phytoplankton communities to nutrient enrichment
was investigated using large-volume outdoor
continuous cultures. The five-year study in the
Patuxent River, MD, revealed a strong enrichment
potential for nitrogen (N) during summer/fall,
often resulting in tenfold increases in biomass
within 48 hr. Largely due to increased centric
diatom growth rates, the resulting unstable
blooms rapidly declined, leading to successional
assemblages quite different in compesition
relative to unenriched controls. Phosphoxus
enrichment did not affect individual species
growth rates or produce changes in assemblage
composition, and produced only weak, delayed
response during two winter experiments.
Subsequent experiments to investigate the role of
light intensity demonstrated a strong potential
for light limitation in the river during fall and
winter, whether or not a nutrient response was
present.

INTRODUCTION

A major problem contributing to the
decline in water quality in tributaries
of the Chesapeake Bay, one of the United
States' largest and most productive
estuaries, is increased nutrient loading.
In addition to increasing non-point
sources, rapid urbanization of the Bay's
watershed results in increased sewage
effluent, identifiable as a major source
of nutrients. When coupled with adequate
available light, the resultant increase
in phytoplankton productivity yields
biomass values which can be beyond the
assimilative capacity of the system.
This underutilized organic material is

eventually deposited to bottom sediments,

where subsequent decomposition creates
oxygen stress in overlying waters.

The principal nutrient elements
requiring regulation in effluent are
nitrogen (N) and phosphorus (P).
Attempts to control their inputs to
levels within the system's assimilative
capacity require a knowledge of seasonal

variations in nutrient loading and
elemental standing stocks (and associated
ratios). 1In addition, a knowledge of the
nutrient requirements of dominant
phytoplankton and their potential
response to increased nutrient
concentrations is essential. This
requirement is complicated by the

. complexity of estuarine systems, which

contain a diverse group of phytoplankton
taxa ranging from freshwater to marine
forms, and are subject to seasonal
variability and succession.

One technique employed to assess the
response by phytoplankton to nutrient
addition involves enrichment studies of
surface waters in outdoor continuous
cultures. These studies are based on the
premise that phytoplankton experiencing
some degree of nutrient limitation will
respond by increased growth when exposed
to additions of the limiting nutrient.
Replicate phytoplankton cultures exposed
to the different elemental forms of N and
P can demonstrate which nutrient is
limiting, as well as resolve the
potential for preferential response to
nutrient forn.

We utilized the above technique to
assess the "nutrient enrichment
potential" (operationally defined as
increase in biomass of nutrient-enriched
treatments over controls) of N and P on
natural assemblages of phytoplankton from
the Chesapeake Bay, employing a system of
large-volume outdoor cultures.
Microcosms, in many different forms, have
been employed in a number of studies (6,
7, 4, 5) to allow intensive investigation
of natural systems in a controlled
manner. The experimental system employed
in this study was not, by definition, a
microcosm. Instead of attempting to
replicate a specific ecosystem, we chose
to simulate one portion of an aquatic
system. Our objectives were to (a)
determine experimentally the relationship
between nutrient inputs and algal
productivity, (b) identify by season
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which element is most important in
stimulating growth, (c) assess the effect
of nutrient loading on species
composition and community structure. We
conducted fifteen experiments over a four
year period from 1983-1986. Three
subsequent experiments were carried out
in 1987 to assess the influence of light
quality on the earlier findings. The
redundant nature of the study made it
possible to include both seasonal and
annual variability in parameters such as
phytoplankton composition, nutrient
chemlstry, salinity, turbidity, and
insolation.

MATERIALS AND METHODS

The study was conducted in the
salinity transition zone of the Patuxent
River, a subestuary of the Chesapeake
Bay, at Benedict, Maryland. River flows
within the Patuxent exhibit considerable
seasonal variability. The annual
sallnlty range of the study area is 10
/oo, from approximately 5 °/oo to 15
°/00, and water temperature ranges from O
to about 30° €. Nutrients also vary
seasonally, with nitrogen levels highest
in winter and spring, and lowest in
summer. = Phosphorus concentrations show a
distinct summer maximum. Consequently,
DIN:DIP ratios vary widely, from low
values (1:1) in late summer to very high
values (100:1) in late winter/early
spring (2).

We utilized an outdoor system of
large-volune culture vessels. The
vessels were 0.5 m’ cylinders fabricated
from light-transmitting fiberglass and
laminated into resin-sealed plywood
bases. Twelve such tanks were submerged
in a raceway through which river water
was circulated to maintain culture
temperatures to within 1° C of ambient.
Initially, tanks were filled with water
pumped from the Patuxent River and
screened through 35 um nylon mesh to
remove large herbivores. The tanks were
then operated as continuous cultures
using 1 um filtered river water as the
diluent at a flow rate of 250 1°d™’ (50%
turnover/day). This dilution rate was
employed as earlier studies (8, 2, 9)
indicated that such a dilution rate would
maintain algal densities comparable to
that of the nearby Patuxent River.
Further details concerning the
experimental apparatus and design can be
found in the references cited above.

Tanks were des1gnated for control and

enrlchments, with each treatment usually

run in triplicate. The experiments
routinely achieved the close replicaticn
within replicates necessary in these
studies to separate natural from
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experimental variability. Controls
consisted of assemblages diluted with
filtered river water with no enrichment,
whereas enriched tanks were first spiked
with the appropriate amount of nutrient
(P or N) to achieve desired experimental
levels, then diluted with filtered river
water plus nutrient stock to maintain
additions at these levels. Enrichment
concentrations employed in the study were
additions of 10 uM PO,”, 50 uM NH,", and
50 uM NO,. These values were chosen to
provide excess nutrient, at
environmentally realistic concentrations.
The tanks were mixed by gentle aeration,
and maintained for a period of two weeks.
Delivery lines for filtered water,
nutrient stock, and air were of non-toxic
PVC tubing, which were replaced for each
experiment. Associated water delivery
systems were entirely non-metallic.

Sampling was conducted daily at 1300
hours, and included surface samples for
in-vivo fluorescence (a real-time
indicator of biomass) (3, 2),
phytoplankton species composition,
temperature, salinity, and ambient
insolation. Samples for dissolved
nutrient analysis were taken 2-3
times/week, filtered through Whatman GF/F
glass fiber filters, and frozen until
analyzed by standard automated
colorimetric procedures (11).
Phytoplankton samples were analyzed using
the sedimentation technique described by
Utermohl (12) and enumerated by inverted
microscopy.

Experiments performed in 1987 to
investigate the effect of different light
regimes employed the use of fiberglass
screening over the microcosms to
manipulate insclation, and a slightly
altered design. Three experiments were
run during the course of the year; in
July near the summer solstice (NH,"
enrichment only), in September durlng the
fall equinox (NH,* only), and agaln just
prior to the winter solstice (Po‘ only).
Duplicate control and enriched tanks were
subjected to three light levels. In the

‘highest light level the tanks were

unscreened, as in earlier experiments;
mid-light tanks were manipulated by
screening to approximate light
penetration in the river throughout the
experiment; the lowest light tanks were
screened to achieve values approximately
30% of river levels, thus providing
levels approaching light limitation. Aall
other procedures were similar to that in
other studies.



RESULTS

Experiments conducted over the five-
year study period demonstrated definite
seasonal patterns in the nutrient
enrichment potential of nitrogen and
phosphorus in the salinity transition
zone of the Patuxent River. The river's
natural phytoplankton assemblages
exhibited large, rapid increases in
productivity in response to N addition in
experiments conducted in the summer and
early fall months, periods typified by
warm water temperatures and low river
flow. Nitrogen enrichment during other
seasons yielded little or no response.
The potential for P limitation during
winter months was demonstrated by a weak,
delayed increase in biomass during only
two experiments, one performed in
November and one in February. Otherwise,
no response to P was observed. Results
of enrichment experiments during the
study period are summarized in Fig. 1.

Response to N enrichment was
immediate, frequently occurred within 24
hours, and typically resulted in biomass
levels an order of magnitude greater than
associated controls or P-enriched tanks.
In every instance, the increase in
productivity was caused by increased
growth rates of one or more centric
diatoms. The resulting unstable
community of artificially high cell
densities persisted until limiting
conditions again developed (either due to
depletion of available N or induced P
limitation). The treated assemblages
would then experience a precipitous
decline in numbers (i.e. a population
"crash"), often by the fourth day of the
experiment. The result would be an
underpopulated system with nutrient
levels being rapidly replenished, where
opportunistic species with different
nutrient/ratio requirements were able to
succeed and establish dominance. Control
assemblages underwent a more protracted
competition for resources, with initial
dominants persisting well into the second
week of the experiment. The end result
of the different successional patterns
was radically different phytoplankton
communities (Fig. 2). More detailed
information can be found in D'Elia et al.
(2) and Sanders et al. (9).

In contrast to the typical N response,
experiments demonstrating some response
by the phytoplankton to P were
characterized by a delayed increase in
biomass; for example, in the February
1984 study, a P effect was not seen until
day 12 of the study. In this instance,
biomass levels tripled those of controls
and N enrichments, weak in comparison to
the 14-fold response to N in August of
that year. We believe that the delayed
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Figure 1. Phytoplankton response

(average maximum biomass increase,
expressed as % of control (x107?) to N
and P enrichment during summer and winter
experiments from 1983 to 1987,

response reflects artificially-induced P
limitation caused by tank entrainment and
not an actual response to P limitation in
the Patuxent.

Influence.of Light on Nutrient Enrichment

A typical response to N enrichment
occurred, as in previous years, in July,
1987 (1), regardless of imposed light
level. Again, N-enriched tanks attaine
biomass levels an order of magnitude
higher than controls, even in the lowest
light treatment, despite a 60% reduction
in available light (relative to river
values). Maximum growth occurred in the
nid-light treatment, where light levels
averaged 80% of river values; unscreened
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Figure 2. Composition of phytoplankton

by taxonomic groups during an experiment
performed in summer. A. Control and P-
enriched assemblages. B. N-enriched
assemblages.

‘tanks responded in a manner similar to
‘the lowest light tanks.

In the fall experiment, N enrichment
did not result in the large increase in
biomass found in the July experiment.
During September 1987, unlike previous
'years, ambient NO,” concentrations in the
Patuxent were unseasonally high, and were
-utilized by control assemblages as an
alternate N source. Demand for nutrients
was proportional to available light,
regardless of N source.

While nutrient enrichment in the fall
experiment did not result in a large
biomass increase typical of N additions,
light levels did influence species
.composition and succession. This
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influence was even more in evidence
during the P experiment conducted in
December. Additions of PO, had no
effect on phytoplankton growth or species
composition, but there was a pronounced
effect caused by a reduction in
insolation. This resulted in both
lowered biomass levels and a large shift
in community structure (Fig. 3).

DISCUSSION

Results from this study demonstrate
that increased N availability in the
meschaline regions of the Patuxent River
(as well as in other tributaries of the
Chesapeake Bay and similar systems) can
profoundly stimulate phytoplankton growth
and biomass production. Through five
years of study, N loadings controlled
algal growth and species composition
during summer and fall experiments.
Phosphorus enrichment was a factor only
occasionally (if at all) during winter.
While regulation of P loading due to
sewage effluent may help limit
autochthonous organic production in the
freshwater reaches, the transport of
excessive N levels downriver into the
estuary can result in levels of organic
material beyond the assimilative capacity
of the system. The data further indicate
that a seasonal strategy of N control may
prove effective in many circumstances.

There are two aspects of the present
study that must be taken into
consideration with respect to management
implications.

1. This study shows the response of
an isolated component of the Patuxent
estuary ecosystem--the upper water
column, free of large grazers.
Accordingly, if N added upriver is
assimilated, denitrified or otherwise
removed before it reaches downstrean
areas, it will not have an effect on
phytoplankton growth at times when
phytoplankton are susceptible to N
enrichment.

2. By removing larger grazers (by
screening with a 35-um mesh) we are
allowing the growth of phytoplankton in
our cultures to be unchecked by large
herbivores. While this may be
unrealistic under some conditions,
nuisance algal blooms form when
phytoplankton production and grazing are
uncoupled. Present evidence suggests
that zooplankton grazing does not control
phytoplankton production in the
Chesapeake during much of the year (10).
In any case, our assessment yields an
estimate of enrichment potential to
nutrients, a critical consideration in
the management context.
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In any case, our assessment yields an
estimate of enrichment potential to
nutrients, a critical consideration in
the management context.

Another important factor demonstrated
by this research is the strong control
asserted by light availability on cell
growth during fall and winter in this
portion of the Patuxent River. The
indication is that light strongly limits
productivity and influences species
composition. As insolation decreases in
the fall, light availability becomes more
important and, along with N, may limit
phytoplankton productivity. During
winter, light appears to be the major
limiting factor. Therefore, efforts to

reduce sediment loads to estuarine

.systems through improved land use

practices may result in greater light
penetration and increased productivity
during fall and winter months,
necessitating further evaluation of
seasonal nutrient strategies.

The large-volume culture system
enployed here is an excellent tool for
the investigation of complex ecological
questions. Such systems are well-suited
for studies at the community level on the
effect and fate of a variety of
contaminants, and provide predictive data

"on the subtle effects of community

change. Increasingly, management
agencies are employing coupled numerical
and hydrodynamic models to assess

‘nutrient strategy and formulate policy.

The results of experiments such as those
described here can provide the realistic
data base for such models, ultimately
providing for better management of
estuaries and coastal oceans.
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ABSTRACT

Some 144,000 acres of South Carolina tide-
lands were impounded in the 1700's primar-
ily for rice cultivation. Today, more than
70,000 of the state's 504,000 acres of wet-
lands remain impounded, managed for water-
fowl and aquaculture. A controversy
concerning the restoration and re-use of
former rice fields emerged in the early
1970's involving private impoundment owners
and managers, regulators, scientists, and
concerned citizens. A key ingredient miss-
ing from the debate was an adequate base of
information upon which arguments could. be
tested. The Coastal Wetland Impoundment
Project (CWIP) was initiated to character-
ize wetland impoundment systems and compare
them ecologically to open, tidal wetlands.
Field studies were undertaken on a series
of five small, brackish-water impoundments,
located adjacent to open tidal wetlands.
Although results characterized the ecology
of these systems, application of field data
to the resolution of policy and management
questions has come more slowly.

INTRODUCTION

Coastal wetland impoundments are a distinct
feature of coastal South Carclina. Some
70,000 acres of impoundments are located
along the tidal reaches of the state's five
major drainage (river) basins: the Black-
Waccamaw-PeeDee, North and South Santee,
Wando-Cooper—Ashley, Ashepoo-Edisto-Comba-
hee, and Broad. Vestiges of o0ld impound-
ments can be seen on more than 74,000 acres
which now have direct hydrological flow
with adjacent wetlands and tidal waters.

Interest in the inherent productivity of
these systems has waxed and waned during
the past 300 years. Over the last three
decades, intense debate has occurred
regarding the disposition of thousands of
acres of impounded and formerly impounded
tidelands. Many of the arguments are based
on history and tradition.

Coastal wetland impoundments can be traced
back to the early 1700's, when rice emerged
as a profitable crop (1). Huge plots of

tidelands were granted by the King of
England (and later, the State) to individu-
als for rice culture. The conversion of
tidal swamps to rice fields improved pro-
ductivity, but reguired large initial
investments (2). The preparation of rice
fields was difficult; swamps had to be
cleared, and a series of dikes, water con-
trol structures, water reservoirs, and
interior beds had to be excavated and con-
structed. In a number of watersheds, the
entire floodplain was modified; the fields
extended several miles in width and tens of
miles along the river banks (3). All of
this was accomplished by slave labor work-
ing only with hand tools; it often took
years to reclaim these areas.

After the Civil War, South Carolina experi-
enced a major shift away from rice culture
(4) . The loss of slave labor, several crop
failures. coastal storms, and competition
from other industries and states led to the
industry's wultimate demise by 1930.
However, the impoundment resource was not
totally abandoned, Many of the rice field
plantations were sold to wealthy northern-
ers, who managed the impoundments for
waterfowl hunting and other pastimes. Still
others were purchased by timber companies
for their extensive forest resource (4).

Today, more than 75 percent of intact
impoundments are managed to attract water-
fowl for conservation and hunting purposes.
Others are used for aquaculture; signifi-
cant acreage has been converted to crawfish
culture. The ability to manipulate these
systems to meet specific management goals
has increased their value, and resulted in
a serious ecological debate.

DESCRIPTION AND FUNCTION OF
IMPOUNDMENTS

Coastal wetland impoundments are basically
managed to control the flow of tidal waters
in and out of the system and the level of
water inside. Their success can be attrib-
uted to a tidal range of 1.0 to 2.5 meters
found along the South Carolina coast. The
manager's ability to control water movement
depends on this and on the structural
integrity of the impoundment.
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Impoundments consist of a series of earthen
dikes equipped with several water control
structures. Wetlands and swamps were
impounded by the construction of dikes
built with hand labor, dragline dredges or
hydraulic trackhoes (5). Dike material was
taken from a borrow pit located on the
inside perimeter of the impoundment (6).

Modern dikes vary in dimension, depending
on whether they will accomodate vehicular
traffic. Those that allow it will have a
top width of 12 feet and a base width of 25
to 30 feet (5). A critical dimension is the
height of the earthen structures. Dikes are
constructed at least 3 feet above mean high
water, enough to withstand all flooding
except from storm surges.

Water control structures, called "trunks,"
remain typical of those used during the
rice culture era: interestingly, the struc-
ture of these mechanical devices has not
varied much in over 300 years. Although
they can Dbe constructed from concrete,
metal -or wood, those built with pressure-
treated wood appear to be the most durable
in brackish and salt-water environments.
Trunks are designed with flap gates at both
ends, which can be raised to take in water
or lowered to release water at scheduled
intervals according to the tides. When man-
agers need water, the flapgate outside the
impoundment is raised and during high tide
the force of the water pushes open the
inside gate. As low tide approaches, the
pressure of the water inside the impound-
ment causes the inside gate to close shut
and water 1is retained. When drainage 1is
desired, the manager raises the outside
gate and at low tide waters are released
(6) .

Today, most water control structures con-
tain a flashboard riser system used to con-
trol water levels inside the impoundment:
The riser consists of a rectangular trough,
about five ft high, five ft wide and one ft
deep, built perpendicular to the inside lip
of the trunk. The side of the trough facing
the pond is made -cof removable boards,
called flash-board risers, placed horizon-
tally in grooves that run the height of the
'riser'. With the inner gate shut, the
water level of the impoundment is regulated
by adding or removing boards (6).

Water flow and levels are manipulated in
impoundments according to specified manage-
ment goals. Management schemes vary with
species of vegetation desired, salinity of
the waters, and soil characteristics. The
management strategy employed at an impound-
ment site not only serves the manager's
goals, but alsoc dictates how the system
functions ecologically. These differences
have shaped the controversies arising over
impoundment restoration and use.
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THE IMPOUNDMENT ISSUE

Over the last 30 years. owners and managers .
of impoundments have desired more acreage
for waterfowl hunting and conservation. The
conversion of formerly impounded wetlands
into agquaculture systems alsc seemed
attractive. Recently, more than 25 applica-
tions were made to state and federal regu-
latory agencies for re-impoundment and
restoration activities. These applications
triggered the controversy in which impound-

.ment owners and managers, regulators, sci-
entists, and interested citizens all
participated.

DeVoe and Baughman (7) discuss the argu-
ments made for and against these proposed
activities: many dealt with impacts on the
natural system. Opponents argued that
impoundments reduce tidal exchange, limit
access to nursery grounds by larval and
juvenile fish and shrimp, reduce overall
marsh productivity, diminish water quality,
and concentrate and store nutrients. Also,
they contended that permits to impound for-
merly impounded wetlands would affect navi-
gation, 1limit public access, and set
dangerous precedents. Proponents felt
impoundments to be very productive systems,
catering to large populations of water-
birds, reptiles, and mammals (some threa-
tened and endangered). They also argued
that tidelands may be conveyed through his-
torical land grants, and that inasmuch as
public entities are allowed to re-impound
areas, equity should permit private owners
the same opportunity.

As the debate sharpened, it became clear
that there was a lack of sufficient data
and information on impoundment ecology,
impoundment management techniques, and pol-
icies of the state and federal government,

THE COASTAL WETLAND IMPOUNDMENT
PROJECT (CWIP)

This. apparent lack of information was the
impetus for the Coastal Wetland Impoundment
Project, a multi-institutional, trans-
disciplinary study to characterize wetland
impoundment systems in South Carolina and
compare results with those collected from
simultaneocus studies of a nearby open marsh
and tidal creek system (8). The overall
goal of the CWIP was to obtain data useful
for issue resolution and make it available
to decision-makers, impoundment managers,
and the informed public (9).

Undertaken from 1981-1986, CWIP represents
an initial stage of ecological and policy
research on impoundment systems in South
Carolina. Establishing the structure and
objectives of the study involved interac-
tion with physical, biological, and social
scientists, landowners, public and private
managers, public interest groups, and oth-



ers., The thrust of the CWIP was alsc dic-
tated by the characteristics of the study
site.

CWIP Study Site

The study site area is located on the Tom
Yawkey Wildlife Center, Georgetown, South
Carolina. The advent of the rice culture
industry in the early 1700's saw the area

converted from a pristine cypress swamp to

impounded rice fields. During the construc-
tion of the Atlantic Intracoastal Waterway
(ca 1900), the area was used by the U.S.
Army Corps of Engineers as a spoil deposit
(10). In 1945, the area was converted from
a fresh to brackish environment with the
completion of the Santee-Cooper River
Diversion Project. In 1967, six impound-
ments were reconstructed from previously
impounded marsh by the S.C. Wildlife and
Marine Resources Department to examine the
effects of different water management prac-
tices on vegetative succession (11). These
impoundments have been managed by the state
to attract waterfowl since 1970 (10).

The study site consists of five contiguous
impoundments, 3.5 to 7.8 ha in size (Ponds
1-5); a 7.9 ha contiguous unmanaged tidal
impoundment (Pond 6); a 13.8 ha managed
impoundment (Cooperfield); and open marsh
located east of the impoundments. Imme-
diately adjacent to the impoundment complex
dike is Chainey Creek, the major water
source for the impoundments (see Fig. 1).

CWIP Study Design

The initial design for the CWIP was to use
the five <contiguous impoundments as
"replicate” systems, with two of the ponds
managed as controls and each of the others
under different water management regimes.
The intent was to not only characterize a
"typical” managed impoundment, but also to
identify wvariations in systems managed
under alternative strategies. The study
design was to take advantage of these natu-
ral aquaria, as recently discussed (12).

However, preliminary field investigations
demonstrated that the five systems could
not be treated as replicates; natural (tem-
poral and spatial) and artificial (arti-
facts 1in water management) variations
masked observed differences among manage-
ment schemes. And because of the pressure
to develop an information base quickly,
time was not available to first document
these variations.

Therefore, each study impoundment was
manipulated under a typical waterfowl man-
agement scheme. Ponds were dewatered in the
spring to expose the impoundment beds and
to encourage the germination of Ruppia.
widgeon grass. After a quick flood and
drawdown to remove mosquito larvae, the
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impoundments were reflooded and the risers
set to maintain from 10 to 20 cm of water
over the beds. From spring to early fall,
water levels were increased in 10 cm incre-
ments to allow for Ruppia growth. Water
levels were lowered throughout the fall to
expose the widgeon grass to waterfowl. The
cycle is repeated annually.

CWIP Study Objectives

The CWIP was structured into twelve tasks
to address the following objectives:

(1) Determine stratigraphy, characterize
hydrology, and identify and compare the
major flora and faunal components of the
study impoundments; .

(2) Characterize the nutrient dynamics
and determine primary productivity of the-
study impoundments and the adjacent open
wetlands:

(3) Determine and compare the recruit-
ment, growth rates, and standing crop bio-
mass of commercially and ecologically
important species in impoundments with the
adjacent system;

(4) Determine the flow of nutrients and
biomass between the study impoundments and
the tidal creek and wetlands; and

(5) Determine the public policy issues
affecting impoundments: ownership, current
and proposed uses, management techniques,
and federal and state policies.

studies were undertaken for a two-
1983.

Field
year period, beginning in Spring,

CWIP Study Results

The study area was found to be a very pro-
ductive and well-integrated system. Based
upon the data collected, the impoundments
and tidal wetlands were different with
respect to the overall community structure:
of many of their biological components,
but, not surprisingly, the basic ecological
processes occurring in each were similar.
The critical variables that controlled
observed differences between the two sys-
tems were, in fact, a function of "transfer
effects."; due primarily to tidal
influences, water level patterns and the
degree of water exchange between the sys-
tems (13).

The immediate resolution c¢f the controver-
sies surrounding impoundments in South
Carolina did not turn on the immediate
scientific questions, however.

EXTERNAL INFLUENCES ON THE IMPOUNDMENT
CONTROVERSY

The controversies over South Carolina's



impoundments proceeded in many arenas. The
CWIP brought together a diverse community
of scientists, whose efforts were focused
by a common study site and an integrative
study agenda. The disputes over specific
impoundments continued to unfold elsewhere.

Some private landowners pursued specific
claims to title and the right to manage
their sites as they wished. These contro-
versies were pursued through the regulatory
arena and involved- public agencies such as
the S.C. Coastal Council, the S.C. Attorney
General, and the S.C. Department of Health
and Environmental Control, as well as pub-
lic interest groups such as the League of
Women Voters and the Sierra Club, who
opposed the c¢laimants. The controversies
were further complicated when the U.S.
Environmental Protection Agency formally
intervened in 1981 to raise additional eco-
logical concerns.

The considerable complexity of these pro-
ceedings created a situation in which only
the most aggressive and well-funded propo-
nents of rice field restoration could pur-
sue their claim. Thus, public controversy
focused on a few cases, One applicant
reports that he spent over $200,000 in
legal fees during the fifteen years that
his case lasted.

The CWIP team maintained on-going communi-
cation with these claimants. The CWIP
included a survey of all identifiable
impoundment owners and claimants. Prior to
the beginning of intensive field studies,
the S.C. Sea Grant Consortium convened a
day-long briefing for the CWIP scientific
team, conducted by four of the most promi-
nent impoundment managers in the state.

As a result, diverse, sometimes incommensu-
rate perspectives on the impoundment
resource were brought into continuing dis-
cussions. Indeed, many environmental con-
troversies manifest themselves in this way
and create "failures of discourse" (15).
With the impoundment controversy, these
boundaries involved the divisions between
those interested in aguatic species using
coastal wetlands as nurseries and others
interested in reptiles, birds, and mammals
using the impoundment sites for shelter and
feeding. The issues also involved fundamen-
tal conflicts over whether these wetland
sites represent common pool resources with
open access or private lands and therefore
appropriable resources.

Ultimately, the policy debate was halted by
external events. In 1986, the S.C. Supreme
Court took up a critical impoundment case.
In response to an appeal from the League of
Women Voters and the state's Attorney
General, the Court reversed a decision of
the S.C. Coastal Council to permit the re-
impoundment of more than €660 acres of old
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rice fields. The strong emergence of the
U.S. EPA in the impoundment issue was also
felt, specifically regarding water quality
and wetlands impacts. The court decision
and continuing skepticism of regulatory
agencies sent a strong signal: applicants
would face a difficult regulatory process
if they sought to re-impound rice field
sites. Not surprisingly, permit applica-
tions for major impoundment restoration
projects have subsided: from 1980 to 1983,
seven restoration projects were proposed to
the S. C. Coastal Council, but from 1984 to
the present only two were proposed. The
S.C. Coastal Council also received thirteen
requests for permits to repair existing
sites in the 1980 to 1983 period, but only
seven from 1984 to 1988. However, interest
in -sites further inland has increased, with
the S.C. Water Resources Commission, which
has permit authority outside S5.C. Coastal
Council jurisdiction, receiving only nine
requests from 1980 to 1983, but seventeen
from 1984 to the present.

Whatever interest remains in changing state
pelicy to encourage the restoration of old
rice fields has been overshadowed by other
events, In 1986, the state formed a Blue
Ribbon Committee to examine the controver-
sial questions posed by beachfront develop-
ment. This effort resulted in 1988
legislation which established beachfront
setback lines for construction and recon-
struction along the coast. As reflected in
the policy making process more generally,
state natural resources policy is made by
policy-makers whose time and attention is
limited (15). Since the beachfront manage-
ment controversy involved many of the same
legislative and regulatory policy-makers,
impoundment issues have been bumped off the
immediate agenda for public discussion.

IMPACT OF THE CWIP

The CWIP has had only a modest impact to

date. The impoundment debate was both
defused by the S.C. Supreme Court decisio-
nand displaced by other controversies:

actions that have constrained those who
would otherwise seek to reimpound old rice
fields. While CWIP results had little
direct impact on these particular events,
they have had other important consequences
and have become an important base of infor-
mation to be drawn on in the future.

Sea Grant played an

important role by

focusing the effort on a common site (where
management schemes were consensually
defined), providing a common focus, commit-

ting it to a multi-year analysis strategy,
and bringing members of the team together
periodically to refine task directions.
After the field work was done, study
results were assembled and integrated, and
research team members presented their find-
ings at meetings such as the 1985 and 1987



Estuarine Research Federation Conferences.
This process has produced improved communi-
cation and understanding among members of
the research team. CWIP scientists now pro-
vide the state with a diverse resource of
experienced and knowledgable impoundment
investigators. The research was relevant to
impoundment research in other settings as
well; the states of Louisiana, Florida,
Georgia and Delaware have specifically
invited CWIP investigators to participate
in conferences and meetings and have
requested copies of the CWIP report. '

The CWIP highlighted the complex issues
that the impoundment resource posed. It
became clear, as scientific studies were
defined, that multiple, but only partially
incommensurate values were at stake. Better
management of existing sites clearly had
the potential to improve productivity and
limit the impact of favored waterfowl man-
agement regimes on other valued aspects of
wetland ecology. As a result, participants
and observers realized that no simple, uni-
versally-compelling resolution of conflicts
between competing claimants could be
reached, while no case for an under-
investment in impounded sites could be
made. This emerging understanding attenu-
ated the force of arguments for immediate
action on impoundment issues.

Recent discussions with state policy-makers
indicate that this controversy is now on
the "back burner." However, they all agree
that the impoundment issue still has the
potential to re-emerge at any time in the
future. But, few of them reported having
even read the overall study: most decision-
makers have limited time and cannot be
expected to attend to detailed information
unless it becomes relevant to them (16).
More likely, when such controversies
emerge, they will rely on key staff mem-
bers, bureaucrats, and lobbyists to synthe-
size and summarize materials for them.

When we turn to legislative and regulatory
staff, whose importance in the policy-
making process is often underestimated, a
different picture emerges. We interviewed
staff people in nine regulatory and public
interest agencies and found that most are
familiar with the overall project and had,
in fact, read the CWIP report. While they,
too, view the controversy as one which does
not currently demand attention, they also
regard it as one which may re-emerge in the
future. When it does, they expect CWIP
results to play an important role in fram-
ing the issues and informing them about the
questions which must be addressed. .
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EXPERIMENTAL MARSH MANAGEMENT SYSTEMS IN LOUISIANA
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ABSTRACT

Replicated experimental marsh ecosystems
are established and planned for research
and management of coastal Louisiana
wetlands to (1) test management schemes
before large scale implementation, and,
(2) discriminate between long-term
changes and the cumulative impacts of
many other alterations. Water level
changes are clearly shown to influence
plant metabolism, hence ability to of the
marsh to withstand sea level rise and
geological subsidence. Animal migration/
emigration is influenced as well as
sedimentation rates. Soil conditions,
especially bulk density and mineral
content, influence hydrologic impacts,
hence the need for replicated and diverse
manipulations.

1. INTRODUCTION

Man's management and impacts on coastal
wetland ecosystems is very often a result
of how the hydrologic regime is modified.
Changes in sediments, plants and soil
chemistry are known to be caused by
hydrologic changes4:7,9,16,20 put the
direct and long-term consequences of
hydrologic modification in wetlands are
not well-known. These circumstances
arise, in part, because the relationships
between parts of the ecosystem and
hydrology are better known than the
reactions of the whole ecosystem. This
situation is not altogether very
different from the situation that
environmental toxicologists may find
themselves in: the results of detailled
and short-term (up to 30 days) laboratory
experiments of individual species may be
precise and predictable, but these same
results may not be useful to predict the
consequences of the same stress when
applied in the field on whole ecosystems
and followed for years. An additional
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consideration in evaluating the cause and
effect relationships in wetlands is that
the hydrologic changes in one part of the
watershed may alter sediments and water
regimes as far as 1 km from the initial
activity2113l15. This is not a trivial
consideration if one is familiar with
dredge and fill permitting decisions
which typically to not consider off-site
or cumulative impactsS,6,11,14,

Field mesocosms of wetland ecosystems are
one approach used to overcome some of the
obstacles to learning about wetland
management and impacts. This paper
includes a description of some mesocosms
used 1n coastal Louisiana to learn about
(1) why coastal wetland losses and
changes are both large (0.8% annually
from 1955 to 197815/18) and extensive
(these wetlands include about 40% of the
nation's coastal wetlandsl2:13, and, (2)
wetland development and management:
options. Three very different
experimental field designs will be

_presented ranging in size from field

manipulations of 5 ha impoundments, to 25

m? test areas, to field trials in
outdoor tanks. These mesocosms include’
large replicates of whole (or nearly
whole) ecosystems are are followed for
long periods of time. We have excluded
the excellent experi-mental results of
Mendelssohn and McKeel0 because they were
relatively brief and small (marsh cores
less than 20 cm). The studies described
here are in salt or brackish marshes,
primarily because the vast majority of
coastal wetlands in Louisiana are
composed of this vegetation type and
eroding at very high rates.

2. A BRIEF DESCRIPTION OF SEVERAL
EXPERIMENTAL WETLAND MESOCOSMS IN
LOUISIANA

It is the purpose of a research program

at the Center for Wetland Resources,
Louisiana State University, to establish

$1 ©1988 IEEE



2 large-scale experimental study of
wetland hydrology to be followed over 10-
20 years in direct cooperation with
landownersl?. The planned new study
sites would be composed of at least
fifteen, 2 ha (5 ac) impoundments fitted
with adjustable water control devices.
Variability in waterflow, soil, plants,
and animals will be determined. The only
comparable large-scale wetland
manipulations we know of are at the Delta
Waterfowl and Wetland Research Station,
Delta, Manitoba.-

Other studies (in triplicate) are
currently underway (3 m circumference) at
5 sites in salt and brackish marshes.
These manipulations are meant to
replicate, at a smaller scale, the
anticipated changes from the larger
impoundments, described above. One
explicit intent of these smaller studies
‘"was to see i1f the marsh could be made to
become open water through, it seemed,
rather small hydrologic blockages in
either belowground or aboveground flow.
In essence, various plastic sheets were
inserted around intact marshes between
+30 and -60 cm from the marsh surface. If
we really knew why the marsh became open
water, we reasoned, then we could
intentionally create that result, observe
the processes and more intelligently
determine solutions for stressed, but
still intact wetlands.

Smaller studies were completed by

Babcockl. Babcock transplanted 35 cm
marsh cores to field tanks and followed
plant growth for one year and the
influence of waterlogging, drainage,
burning and salinity.

Scale considerations become important if
one is interested in the role of large
organisms. The nutria (Myocastor coypus)
and muskrat (Ondatra zibethilcus) are
large herbivorous marsh mammals common in

south Louisiana and hunted for their fur.

Fuller et al.B put fencing around a
developing delta island Saggitaria sp.
marshes in the Atchafalaya river delta.
The intent was to study what would happen
if these large herbivores were excluded
from the marsh.

3. RESULTS

The experience with these three types of
mesocosms has been beneficial for the new
knowledge about (1) how the plants
respond to hydrologic changes, (2) the
role of large herbivores in structuring
vegetation, and, (3) the difficulties in
organizing large experiments. These
results, and others not mentioned, would
have been unlikely if smaller scale
experiments were substituted.
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Plant productiocn seems to be indirectly
related to soil flooding and we are now
beginning to quantify the relationships
in a meaningful way for field managers.
Plant preduction is usually higher when
flooding is reduced and lower when
flooding is increased for Spartina
alterniflora, S. patens and Distichlis
spicata (Figures 1 and 2), but the effect
may vary, depending on the species and
salinity. Plants contribute to marsh
stability through sediment trapping,
erosion resistance, and crganic
contributions to soils. These wetland
soils must accumulate enough material
vertically to compensate for the rise in
water level because of rising sea level,
sediment compaction and a geosynclinal
tilt in the basement material. Sediment
deposition behind hydrologic restrictions
(e.9. spoil banks) may decrease leading
to a synchronous and synergistic
interactions between waterlogging
stresses and sediment deprivation. The
cumulative result may be a relative
increase in water level leading to lower
plant production and further stress.
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Figure 1. An example of the relative

photosynthesis rate for Spartina
alterniflora (April, 19287) in control and
artificially-impounded wetlands
(triplicate treatments).

The study of large exclosures on newly
deposited delta lands® showed a
significantly higher plant biomass inside
compared to outside and there were
indications that plant species
composition was affect by herbivory.
These results would not have been
determined with smaller scale studies.

Attempts to build the large impoundments
are being stymied by three factors, none
of which are insurmountable. First, the
state permitting authority has not issued
the necessary permits, in spite of their
legal requirement to strongly and quickly
favor such scientific work. Second, the
landowner, a large oil and gas
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development company, is undergoing
divestiture thereby complicating the
commitment of funds and acquisition of
legal rights necessary to complete the
project. Third, the funding necessary
for the dredge and fill operation has
been difficult to obtain from the
company, as initially expected. The
company's profits plummeted with a fall
in o0il prices the last few years and the
company found it difficult to fund a
large project in the midst of a staff
reduction program. A foundation proposal
was rated very high in a national review,
but not funded when reviewed by within-
state representatives of a federal
agency. State funds are unavailable due
to the extremely dismal state financial
situation.
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4. DISCUSSION

The use of mesocosms provides a
substantial field test of both real-life
alternatives field managers face daily
and of hypotheses that scientists bring
to bear on real world problems,
regardless of whether or not they are
immediately applicable to management. Our
knowledge of natural resources must be
scaled to that of our interests, which
are for the long-term. In these case of
these three examples, the results have
not yet provided explicitly clear
alternatives for management, but several
conclusions are now obvious. First,
though seemingly trivial, the old (for
Louisiana, at least) piecemeal approach
to manage for fish, fur, or fowl
interests, must be acknowledged to
influence other management interests. For
example, hunting groups might wish to
attract waterfowl to open water (and
create open water from vegetated
marshes), but the water control
structures used also inhibit fish and
invertebrate migration into and out of
the marsh and, in the long-term, may
cause indirect losses of wetlands; Fur
harvest may be enhanced by burning or
flooding to control vegetation quality,
but waterfowl harvests ke reduced. Water

management, in other words, is total
ecosystem management, not species
management, and these conflicting issues

must be addressed when public resources
are affected.

Second, demonstration plots are useful to
(1) illustrate just how long it takes for
changes to occur, (2) learn how different
soils affect the results, and, (3) let
the non-specialist see, for themselves,
the consequences of small managementa
changes. Changes did not occur as always
expected and the scientists'
understanding of how fragile some marshes
were was challenged.

Third, the larger the mesocosms, the more
diligence, perseverance and support is
needed to sustain the research team
(which 1s necessarily interdisciplinary),
the financing, and the administrative
infrastructure. Mesocosms are as rare as
the financing is rare.

There is growing awareness of the value
of long-term study sites in environmental
work3,19, However, the design, funding
and study of long-term study sites offers
several special problems to the
researcher: having dedicated leadership
(including lead and core scientists), and
a unique site offering special
advantages, and diverse approaches.
Although the combination of growing
interest in addressing wetland losses in
Louisiana and the proven interest of the
university research community will



probably overcome these barriers. But,
the cooperation of the state and federal
agencies is also required. The shortest
path to a solution is understanding and
that requires a suite of technical
approaches, of which mesocosms are a
uniquely useful addition.

5. ACKNOWLEDGMENTS

The new research described in this paper
and the preparation of this manuscript
results from the support of the Louisiana
Sea Grant Program and those landowners
allowing access to field sites.

6. REFERENCES CITED

1. Babcock, K. M. The influence of water
depth and salinity on wiregrass and
saltmarsh grass. Unpubl. Ph.D. diss.
School Forestry and wWildlife Management,
Louisiana State Univ., Baton Rouge. 1967.
109 pp.

2. Cahoon, D. R. and R. E. Turner.
Accretion and canal impacts in a rapidly
subsiding wetland. II. Feldspar marker
horizon technigue. Ms.submitted to
Estuaries.

3. Callahan, J. T. Long-term ecological
research. BioScience. 1984. Vol.34:849-
872,

4, Chalmers, A. G. Experimental
manipulations of draingage in a Georgia
saltmarsh: Lessons learned. Oceans '88.
1988. this wvolume.

5. Cowan, J. H., Jr., R. E. Turner and D.
R. Cahoon. Marsh management plans in
practice: do they work in coastal
Louisiana? BEnvironmental Management.
1988. Vol. 12:37-53.

6. Craig, N. J., R. E. Turner, and J. W.
Day, Jr. Wetland losses and their
consequences in coastal Louisiana.' Z.
Geomorphol. N. F. 1979. Vol. 34:225-241.

7. Devoe, M. R., D. S. Baughman, J. M.
Dean and M. Tompkins. Relationship of
large-scale research to policy and
management. Oceans 'B8. 1988. this
volume.

8. Fuller, D., C. E. Sasser, W. B,
Johnson and J. G. Gosselink. The effects
of herbivory on vegetation on islands in
Atchafalaya Bay, Louisiana. Wetlands
1985. Vvol., 4:105-114.

9. King, G. M., M., J. Klug, R. G. Wiegert
and A. G. Chalmers. Relation of soil
water movement and sulfide concentration
to Spartina alterniflora production in a
Georgia salt marsh. Science. 1982. Vol.
218:61-63.

10. Mendelssohn, I. A. and K. L. McKee.
Spartina alterniflora die-back in
Louisiana: time-course investigations of
soil waterlogging effects. J. Ecology
1988. Vol. 76:509-521.

11l. Swenson, E. M. and R. E. Turner.
Spoil banks: Effects on a coastal marsh
water level regime. Estuarine and
Continental Shelf Science. 1987. Vol.
24:599-6009.

12. Turner, R. E. and J. G. Gosselink. A
note on standing crops of Spartina
alterniflora in Texas and Florida. 1975.
Contr. Mar. Sci. 1975. Vol. 19:113-118.

13. Turner, R. E. and Y. S. Rao. New
holes in an old marsh. Manuscript
submitted to Estuaries. 1988.

14, Turner, R. E., D. R. Cahoon and J. H.
Cowan, Jr. Marsh management needs and
myths in Louisiana. Proc. National
Wetlands Symposium: Mitigation of Impacts
and Losses. Assoc. State Wetland
Managers, Inc., New Orleans, Oct. 1986.
1988. Pp. 420-423.

15. Turner, R, E. and D. R. Cahoon
(editors) . Causes of Wetland Loss in the
Coastal Central gulf of Mexico. Vol 1:
Executive Summary; Vol. 2: Technical
Narrative. Vol 3: Appendices. Final
report submitted to Minerals Management .
Service, New Orleans, LA. Contract No.
14-12-001-30252. OCS Study/MMS 87-0119.
1987. 536 pp.

16. Turner, R. E., J. W. Day, jr. and J.
G. Gosselink. Weirs and their effects in
coastal wetlands (exclusive of
fisheries). Proc. Louisiana Geological
Survey/US Fish Wildlife Serv. Marsh
Management Symposium Biological Report
Series: 1988. (in press).

17. Turner, R. E., J. H. Cowan, Jr., I.
A; Mendelssohn, G. W. Peterson, R. F.
Shaw, C. Swarzenski and E. M. Swenson.
Experimental marsh management
impoundments. Proc. Louisiana Geological
Survey/US Fish Wildlife Serv. Marsh
Management Symposium Biological Report
Series: 1988. (in press).

18. Turner, R. E. Landscape development
and coastal wetland losses in the
northern Gulf of Mexico. Am. Zool. 1988.
(in press).

19. Van der Valk, A. G. The marsh ecology
research program: The logistics of
organizing, funding, and staffing a long-
term, ecosystem level study. Oceans '88§.
1988. this volume.



20. Wiegert, R. G., A. G. Chalmers and P.
F. Randerson. Productivity gradients in
salt marshes: the response of Spartina
alterniflora to experimentally
manipulated soil water movement. Oikos.
1983. vol. 41:1-6.

45



THE MARSH ECOLOGY RESEARCH PROGRAM (MERP):

THE ORGANIZATION AND

ADMINISTRATION OF A LONG-TERM MESOCOSM STUDY*

A. G. van der Valk

Department of Botany
Iowa State University

Ames, Iowa

B. D.

50011

Batt

Henry R. Murkin

Delta Waterfowl and Wetlands Research Station
RR # 1
Portage La Prairie, Manitoba
Canada RIN 3A1

P. J. Caldwell

Ducks Unlimited Canada
1190 Waverley St.
Winnipeg, Manitoba
Canada R3T 2E2

John A.

Kadlec

Department of Fisheries and Wildlife
Utah State University

Logan,

Utah 84321

*Paper 45 of the Marsh'Ecoloéy Research Program, Delta Waterfowl and
Wetlands Research Station - Ducks Unlimited Canada. '

ABSTRACT

In 1978, the Delta Waterfowl and Wetlands Research
Station and Ducks Unlimited Canada developed a
joint venture to study the impact of different
water levels during a wet-dry cycle on the
composition and rate of nutrient cyeling (N, P, and
C) of prairie, lacustrine wetlands. Changes in
water levels assoclated with wet-dry climatic
cycles are a characteristic of all prairie
wetlands. An experimental marsh complex consisting
of 10 rectangular mesocosms, each with an area of
at least 5 ha, was constructed by diking a section
of the Delta Marsh, Manitoba, Canada. Each cell is
equipped with water control structures and pumps.
The hydrology, water chemistry (surface and
interstitial) vegetation, invertebrates, and
vertebrates (waterfowl, blackblirds, muskrats) of
each cell have been monitored during each growing

season since 1980. Sixteen short—term projects by
graduate students that supplement the main project

have also been done as part of MERP. MERP is
largely administered by Delta. It is located on
Delta property; its full-time coordinator and staff
work for Delta; and most field techniclans are
hired by Delta. Some specialized research is
contracted out to other institutions, e.g. watet
chemistry, plant tissue analysis, and algal
production. A scientific team composed of 6 or 7
members, about half from Delta and Ducks Unlimited
Canada and half from academic institutions, directs
the project and makes all scientific and technical
decisions. They designed the water-level
experiments; established sampling and sample
handling protocols, described in a field manual
that is revised annually; and are responsible for
publishing the data collected. Delta and Ducks
Unlimited Canada jointly fund the project, and they
have raised funds for it from a variety of
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individuals, corporations and foundations.
Recommendations for the design of field mesocosms
and conducting loug-term studies are also given.

INTRODUCTION

The Marsh Ecology Research Program (MERP) is an
experimental, long-term, ecosystem-level study of
the impact of water level changes on the
composition of, and cyecling of nutrients (N, P, and
C) in, freshwater prairie marshes. In this paper,
we will first discuss why we are using mesocosnms,
how we deslgned our mesocosms, and how we sample
them. Administrative, organizational and funding
aspects of our project will then be discussed.
Finally, on the basis of our experience, we give
10 recommendations for conducting a successful
long-term study using megocosms.

WHY USE MESOCOSMS?

This study arose out of a need to develop reliable
information about freshwater wetland ecosystems
that could be used to improve their management.
The ultimate objective of the two organizations,
the Delta Waterfowl and Wetlands Research Station
and Ducks Unlimited Canada, that developed this
project was to improve the management of waterfowl
"breeding habitat in the northern prairie region.

All palustrine and lacustrine wetlands of the

northern prairie region undergo changes in their
water levels that are the result of variation in
annual precipitation, wet-dry cycles. During a
cycle, a freshwater wetland changes from an
expanding emergent wetland, the regenerating stage,
to a more open system, the degenerating stage,
during which a combination of high water levels and
muskrats begins to eliminate the emergent
vegetation. This is followed by the lake stage
during which emergent vegetation is largely absent.
With the onset of the next drought, the final stage
of the cycle begins, the dry marsh stage, during
which there is no standing water in part or all of
the marsh. During this stage the seeds of emergent
species germinate on exposed mudflats. With the
end of the drought, the marsh refloods and enters
the regenerating stage again during which emergents
spread over the wetland by vegetative propagation.
Waterfowl, other birds, invertebrates, and mammals
all respond dramatically to changes in water levels
and vegetation during wet-dry cycles3,

We decided to study experimentally the responses of
prairie wetlands to water level changes during a
cycle. Two features of the cycle were chosen as
treatments: the length of the drawdown or dry-
marsh stage and the depth of water during the
regenerating, degenerating and lake stages. Both
have significant management implications. Because
it is impossible to control water levels in natural
marshes, some type of mesocosm complex had to be
established. Such a study would of necessity have
to be long-term because a complete wet—-dry cycle
can take up to 20 or more years. The need to
replicate treatments was also considered essential.
The limited literature on wet-dry cycles and
prairie wetlands was based solely on studies done
at one or two marshes”, and consequently, it was

.to a water level treatment,

impossible to separate site and year effects from
responses to water-level changes. In order to
determine the potential variation in the response
replicates of each
treatment would be necessary, Mesocosms make it
feasible to replicate treatments.

THE MESOCOSMS

In order to be able to apply the results of MERP
directly to other prairie wetlands, the study had
to be domne in an existing wetland. To do this,
a series of marsh mesocosms was created by diking
off a part of the Delta Marsh located on property
controlled by the Delta Waterfowl and Wetlands
Research Station, Delta, Manitoba, Canada. The
final size and shape of the cells was determined by
four major factors: (1) the area needed to include
all five major vegetation types found in the Delta
Marsh; (2) the area needed to detect changes in
waterfowl, blackbird, and muskrat populations; (3)
the area needed to avoild sampling areas disturbed
by boundaries (dikes and ditches) and 9 years of
sampling; and (4) the cost of constructing dikes.

Annual sampling disturbs about 2,500 m? per
mesocosm (Table 1 and Figure 1). Only 175 w? are
disturbed by permanent sampling sites, but nearly
2,300 m? by work lanes and sampling sites whose
location is shifted each year. Over the 10 year
life of MERP, about 2.5 ha of each mesocosmwill
be affected by sampling. To reduce the annual

- sampling impact to less than 5% of the total area

of a cell, each cell would have to be 5 ha or more.
Five hectares also were considered adequate to
detect changes in waterfowl and muskrat
populations. In order to enclose all the
vegetation zones found in the Delta Marsh,
mesocosms would have to run about 320 to 340 m from
its upper edge into the marsh. In order to avoid
boundary effects, no regular sampling would be domne
within 10 m of any mesocosm boundary. This 10 m
wide buffer area around each cell provides an area
from which soil, plants and other samples can be
collected for experimental purposes. These
specifications meant that for rectangular mesocosms
their width had to be between 150 and 220 m in
order to effectively have a 5 ha cell. Ten
rectangular mesocosms of this size, contiguous to
minimize the total length of dike needed, were
built with the funds available. Having contiguous
mesocosms did cause problems with seepage from one
cell to another during a few years when.some cells
were flooded 1.5 m higher than adjacent cells.
During these years a buffer zome of 30 m or more
was needed to avoid all boundary effects.

Funding to construct the experimental marsh complex
was provided by Ducks Unlimited Canada, and the
dikes were designed and built under the supervision
of their engineers. Dikes were built wide enough
so that muskrats could not tunnel through them and
high enough so that the cells could be flooded to 1
m above normal. Each cell was equipped with water
control structures and an electric pump with
sufficient capacity to offset losses due to seepage
and evapotranspiration at any water level.
Additional information about MERP and the
experimental cell complex can be found in
references 1 gpd 2,
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SAMPLING

Education 1s one of the major missions of the Delta
Waterfowl and Wetlands Research Station. It had
done this traditionally by funding thesis and
dissertation research of graduate students working
on waterfowl or wetland research projects. Delta
also had a tradition of hiring recent university
graduates who planned to go to graduate school in
either waterfowl biology or wetland ecology as
field assistants to give them practical experience
doing field work. Ducks Unlimited Canada was
interested in seeing more people trained as wetland
ecologists whom they could hire as managers. As a
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Table 1. Area disturbed by work lanes and
different types of sampling during one year in a
mesocosm in the MERP complex.

Sample Area (m2)  Number of  Total
Type Disturbed Samples Area (m?)
per sample per cell Disturbed
Work Lanes 150 10 1,500
Shifting Sampling Sites
Shoot Biomass 9 40 360
Root Biomass 9 40 360
Invertebrate 9 7 63
Algal 1 13 13
Subtotal 796
Permanent Sites
Litter 9 5 45
Water 4 10 40
Vegetation 9 10 90
Subtotal 175
TOTAL 2,471
"result of these traditions and needs, it was

decided that most of the core sampling during MERP
would be done by recent university graduates or

beginuing graduate students.

The decision to do most of the work with relatively
inexperienced personnel who would only work one
field season meant having to design the
administration of the project in such a way that
consistency in the collection and handling of
samples from year to year was assured. There was
also a need to integrate the day-to-day field
operations of the project to ensure that different
types of sampling did not interfere with each
other., A full-time coordinator with an assistant
was hired to manage the project and supervise on-
site operations. A methods manual was also written
that outlined sampling protocols in detail, how
samples were to be handled and stored, and how data
were to be entered unto the computer for later
analysis. This manual has been revised annually.
Changes in the composition of the vegetation,
primary production (vascular plant and algal),
litter decomposition, secondary production
(invertebrate and muskrat primarily), water
chemistry (surface and interstitial), and hydrology
are all monitored as part of the core study
(Fig.l).

It became clear during the early years of MERP that
some kinds of sampling and sample analysis could
not be handled reliably by people without any
speclalized training and supervision. This
resulted in a partial change in policy and the
hiring of people with specific expertise in some
areas. The first area in which this was done was



water chemistry. After the first year all water
chemistry was done by the Freshwater Institute of
Environment Canada in Winnipeg, and a full-time
technician was hired by Delta to work in this
laboratory. Similar arrangements were made to
handle algal sampling with the University of
Manitoba and to do plant tissue analysis and
muskrat studies with Iowa State University.

ADMINISTRATION AND FUNDING

MERP is a
Wetlands
Canada.

however,

joint project of the Delta Waterfowl and
Research Station and Ducks Unlimited
Administratively and operationally,
it is run by the Delta Waterfowl and
Wetlands Research Station (Figure 2). It is
located on Delta property; most operating funds
are administered by Delta, the coordinator of the
project is a Delta employee; and most of the
technicians who work on the project are hired by
Delta. Ducks Unlimited Canada, however, through a
formal arrangement with the Station, provides a
significant share of the annual operating budget of
MERP, is involved in the design and conduct of some
aspects of the study, supports directly short-term
studies, and is the main vehicle for transforming
scientific results into day-to-day management
recommendations.

Neither the Delta Waterfowl and Wetlands Research
Station nor Ducks Unlimited Canada had the in-house
expertise to design or carry out an ecosystem
study. Consequently, several academic wetland
ecologists were recruited to direct various aspects
of the research (vegetation, litter decomposition,
water chemistry and hydrology). Scientists from
the Delta Waterfowl and Wetlands Research Station
and Ducks Unlimited Canada and three acadenic
ecologists formed the initial scientific team that
designed the study.

All scientific and technical decisions are made by
the scientific team (Figure 2). They determine
what data are collected and how it is handled.
Publishing the results in their areas of expertise
is also their responsibility. The sclentific team,
however, does not play a role in project budgeting,
and has been only peripherally involved in fund
raising and data collection. The role of an
academic member of the scientific team lies
somewhere between consultant and principal
investigator. The team usually meets twice a year:
once after the end of the field season to review
how it went, and again before the next field season
to finalize sampling plans and make decisions
regarding new short-term projects, core data
analysis, and future MERP publicatioms.

All short-term studies have to be approved by the
scientific team. Sixteen graduate students have
done short-term projects. Most of these have been
students of members of the scientific team. These
studies were established to collect data needed to
supplement the information collected by core MERP
sanpling. Whenever possible, however, they were
done outside the MERP complex to reduce damage to
it. Several other studies were carried out by
scientists from other institutions who were
interested in using the complex for their own
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purposes., These too had to be approved by the
scientific team.

RECOMMENDATIONS

Never take on long-term ecological research without
a detailed assessment of what it will take
(manpower, facilities, funds, etc.) to complete the
project successfully. To facilitate this, we
provide the following 10 recommendations.

(1) The mesocosms should be as large as is
feasible. When we began this project there was
little to go on when it came to deciding at what
scale we should do our study. Many kins of
sanmpling would have been easier to handle with
smaller mesocosms, e.g. algal and invertebrate. In
retrospect, our mesocosms are an appropriate size
because they encompass the variation found in the
natural marsh and are large enough to avoid both
edge and sampling effects. Smaller cells would
have been too subject to cumulative disturbances
Larger cells were not affordable and would have
exceeded our ability to sample them adequately
because of funding and personnel limitations.

(2) Design your mesocosms carefully and build them
to last by using the best materials available. The
falilure of a mesocosm in the latter stages of a
long-term study could jeopardize years of work.
All components of the MERP mesocosms were
engineered to last 20 years, 1l.e. twice the length
of the experiment. MERP has never had any problems
with any of the mesocosms, except some minor dike
erosion during high water years. All dikes and-
other structures were designed to withstand all
onslaughts that could be anticipated, and only
routine maintenance has been needed to keep the
cells fully functional.

(3) Every effort must be made to insure
consistency in how data are collected from year to
year. Meticulous record keeping is indispensable.
Records must be kept about all aspects of sampling
and data handling, including a daily log of all
activities. It is particularly important to record
any uncertainties about, orproblems with, the
collection, handling or coding of a particular
sample or datum. A full time, on-site coordinator
is essential for the smooth running of a project
during the field season, particularly to insure
that different types of sampling do not interfere
with each other. MERP has been fortunate that the
same person has coordinated the project from the
beginning, and core data collection has largely run
smoothly and uneventfully.

(4) To carry out a long-term study requires
institutional stability. MERP is a 10 year
experiment. In reality, the project will take more
than 15 years to complete when the pre-experimental
planning phase and post—experimental write—up phase
are included. This is equivalent to about one half
of the career of most scientists. Because people
lose interest, become administrators, move to other
institutions, etc., a long-term project must be
able to survive changes in key personnel that are
inevitable over such a period of time In the case
of MERP, three members of the scientific team,
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which has had only 6 or 7 members at any time, have
changed jobs and left the team. The fact that MERP
1s largely an in-house Delta project has enabled it
to weather this turnover of personnel.
Nevertheless, there are fewer wmembers of the
scientific team today than earlier,and some aspeécts
of project have suffered because of these personnel
changes.

(5) There is a need for institutionmal flexibility.
A large-scale and long-term study like MERP can
require significant adjustments for an institution.
These may include construction of new lahoratory
space, offices and other facilities, hiring new
staff, and dealing with decisions to redirect funds
from alternate uses. For a small organization like
Delta, it can change the very character of the
institution.

(6) All research scientists whose expertise was
needed to develop a project should be involved in
all aspects of the study. MERP is unusual in that
most members of the scientific team have not been
involved in fund raising, have nothing directly to
do with project budgeting, and have little to do
directly with the collection of their data. Their
role, is largely as consultants, leaves them free
to become involved in other projects, and they
have. This has caused problems, particularly
during the first few years when field operations
were belng worked out, because these scientists
were not present at Delta. It has also delayed
publication of the data because they were working
on short—term projects besides MERP that required
their immediate attention. More direct involvement
of key scientists in the research and a more formal
commitment of their time to the project 1Is
desirable than was the case with MERP.
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We do not recommend, however, that principal
investigators in a long-term project be so tied to
the project that they are unable to work on any
unrelated activities. Since most of the data
collection in a long-term study tends to be
standardized, routine sampling, after the first
year or two their direct involvement on a day-to—
day basis is not needed or even desirable. Being
able to work on other activities may keep the
principal investigators from leaving a long-term
project. It prevents them from becoming frustrated
because they do not have to pass up all other
professional opportunities. What is essential is
that all the principal investigators have
sufficient time formally committed to the project
so that they can fulfill their obligatioms to it.

The number of scientists 1involved in the
organization and rumning of a project should be
kept to a minimum, and each scientist’s
responsibilities should be well defined and overlap
as little as possible with those of others. There
is also a need, however, to balance the expertise
available not only by scientific discipline, but
alsc in other ways. For example, there should one
or more scientists who can also contribute as
administrators; others as theoreticiams, writers or
editors; and yet others who can translate
scientific results into management plans.

(7) 1Identify short term studies as early as
possible that need to be done to supplement the
data being collected by core sampling. This makes
it easier to budget for short term studies and
provides more lead time to get these studies
organized. This is often difficult, if not
impossible to do, since the need for some types of
data may not be obvious until the study is well
underway. Nevertheless, adequate budgeting for



future, short-term studies is crucial for a
successful long-term research project (see also
recommendation 8). MERP several times had to
arrange for short-term studies too quickly, and a
few times was unable to find adequately trained
personnel on time.

(8) 1t is going to cost more than expected.
MERP”s annual operating budget currently is 300%
higher than what it was estimated to be initially.
Not only does inflation over a ten-year period
present a challenge to long term budgeting, but a
successful project will unquestionably expand with
time. In the case of MERP, it became clear that
certain types of data were essential that had not
been considered so at the beginning of the project.
For example, it became obvious that algal
production data were essential after a couple of
years. This required hiring three additional
technicians to do this work.

If funding is to be provided by more than one
organization, as was the case with MERP, carefully
consider how to set up a working relationship among
funding groups that will remain viable for the
length of the project. All organizations funding a
project should be involved in developing the
overall project budget and its annual operating
budgets. Any changes in budgeting should also be
made by all the funding organizations collectively.
As budgets escalate with the years, conflicts among
funding organizations about which is to cover
additional costs can develop. A formal arrangement
in which each funding organization agrees to cover
a certain percentage of the annual operating budget
or the cost of some aspect of the project is better
than an arrangement in which each organization
contributes a fixed sum of money. See also
recommendation 10Q.

(9) It is going to take longer than expected. It
will require a great deal of time to design and set
up a successful long-term study.. For MERP it took
more than a year to design the experiment, work out

the sampling details, and write the methods manual.
It will alsc require several years of full-time
effort to complete the write up. This is longer
than foresecen. There are two reasons for this:
one, the large volume of data that is collected
over a 10 year period and the diverse ways that it
can be utilized; and two, the need to interact
frequently with other scientists, located at
different institutioms, who are responsible for
various data sets. The final modelling of the
nutrient cycles in the case of the MERP project
cannot occur until the whole data set has been
worked up. This is not likely to be until ome year
after the last data have been collected. An
additional period of one to two years will be
required to write the summary monographs. A 10
year experiment will, in reality, last at least 15
years or longer (see recommendation 10).

(10) Finding funding will become more difficult
with time. It is much easier to raise money for a
new project than to obtain funds for an ohgoing
one. If at all possible, secure funding for the
entire project at the beginning. It seems to be
most difficult tc obtain funding to support the
post—experiment data-analysis and write-up phase of
a long-term project. This is ironic because most
of the risks associated with long-term research are
now over, costs are much lower, and the final
product of this phase, usually one or more

comprehensive books or monographs, will be its most
influential and significant products. Because of
the large volume of data and the myriad of ways
that it will be used, data analysis and the final
write up of the study will require a great deal of
time, we estimate a total of 11 man years, 5 for
members of the scientific team and 6 for their
support staff. This kind of time cannot be easily
bootlegged from other projects. Unless release
time can be purchased after the completion of the
experimental phase of the project, the chances of
it ever being fully written up diminish quickly as
key -scientists get involved in other projects.
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ABSTRACT

Direct loss of seafood products is more commonly
due to microorganisms or their products than to
any other cause. Bacterial spoilage of is
probably  still  the major culprit but
contamination by potentially hazardous
microorganisms and the presence of toxins
derived from microorganisms is a significant
problem in shellfish and finfish from warm
waters. Freezing raw product reduces
traditional bacterial spoilage but new products
produced from frozen material such as surimi and
seafood analogues may present new and different
problems, The focus of seafood scientists'
attention has shifted in part to naturally
occurring biochemical change due te endogenous
enzyme systems. Toxins occurring in seafoods
which may adversely affect sales as well as
posing a direct hazard include scombroid toxin
(probably histamine), ciguatera toxins,
tetrodotoxin, paralytic shellfish poisoning
toxins and a number of others mostly associated
with shellfish,

Traditionally, the wmajor negative effects of
microorganisms in the seafood industry have
resulted from spoilage of raw product. On a
world scale it has been estimated that 20-25% of
fish harvested from oceans, lakes and rivers are
lost due to spoilage by bacteria and by insects,
Direct losses to North American fisheries are
probably much Tess than this due to the Tower
ambient temperatures in much of our fishing
areas and the almost universal use of ice or
refrigerated and chilled sea water to cool fish
after capture. Nevertheless, there are still
direct losses due to over long fishing trips, or
improper procedures on Tland and sea. Most
losses, however, are undoubtedly due to
reduction in value of commodities because of
unsatisfactory quality and for the same reason
by customer dissatisfaction,

We know a good deal about microbial spoilage of
fish in our temperate fisheries and we are
Tearning about quality.  Until comparatively
recently ‘“"quality" has meant simply "not
spoiled” and it was assumed that most consumers

were unable to distinguish really fresh fish or
that they in fact preferred it. Consequently,
our major concern was shelf 1ife and much effort
was expended by researchers to try to stretch
the 1limits of acceptable storage by using
antibacterial ices and dips, antibiotics and
other treatments. All of this was done in good
faith to extend the distribution range for fish
and to improve the average condition of seafoods
in our markets, However, while some of the
newer methods proved quite effective in
preventing or, at least, in delaying spoilage,
they had minor effects on intrinsic quality if
we define quality as those factors which
distinguish a particular foodstuff in the fresh
condition from a stored product. We now know
that these factors are intrinsic to the fish and
that they change mostly in response to
endogenous events mainly brought about by the
fishes own enzymes after death. 0f course,
bacteria can affect this but even in their
absence the changes will still take place.
There has been some interesting recent work with
fish from tropical waters which suggests that in
some cases endogenous changes may even be the
cause of rejection of fish by sensory judges }n
the absence of significant bacterial activity.

Because consumer attention has recently focused
on fish as a desirable food for health and
dietary reasons dﬁg@nd for fresh seafoods has
increased markedly™® and the supply system has
adapted to this in a number of ways. Air
shipment of fresh seafood products on an
international scale has increased enormously.
This became possible because of technical
improvements in chilling methods and packaging
and because an upscale market permitted pricing
that could absorb shipment costs which
themselves showed some decline, Freezing at sea
or near the site of capture is a technique
widely used to protect the quality of high value
fish or fish caught in bulk. The shipboard
processes increasingly involve primary
processing so that fillets or dressed fish ready
for marketing are often the end product. All of
this circumvents the bacterial spoilage problem
by holding fresh fish as short a time as
possible in cold conditions which greatly slow
bacterial growth and by freezing which prevents
bacterial growth completely. Perhaps of more
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direct importance rapid processing and handling
of products held at 1low temperatures insures
that the endogenous enzyme processes are slowed
as much as possible - or halted completely in
frozen fish, Thus, the fresh sweet flavor often
associated with inosine monophosphate s
maintained through the point of sale to the
consumer,

Does all this mean that bacterial spoilage is no
Tonger a problem in the industry?
Unfortunately, the answer if "no." A large
proportion of fish is still caught and landed by
smaller fishing vessels with inadequate chilling
and handling facilities. Moreover, there are
still too may instances of improper practices
during distribution of fish which can lead to
bacterial growth  such as shipment in
unrefrigerated vans, holding on loading docks,
refrigeration shut downs in trucks hauling fish
interstate. Unfortunately, many retailers are
still unaware of the special need to hold fish
at 0° and may carry product overlong at too
warm temperatures. Thus, research is still
needed to accommodate the special problems of
smaller scale fisherman, transportation and
retailing. Such research might logically be
focused on antibacterial procedures - and
bacterial control.

0f course, there are still unresolved problems
of bacterial spoilage which merit research.
Fish vary greatly in their shelf 1ife when held
under comparable conditions and -sometimes this
can be related directly to bacterial populations
as in the example shown in table 1. We really
do not understand why this is so.

There are a number of unresoived problems in the
case of fish from warm tropical waters. Until
recently comparatively 1ittle work had been done
on the bacteriology of these animals. With the
expansion of fisheries in tropical regions
resulting from increased world demand, there has
been a flurry of work in S.E. Asia and Australia
particularly, In addition, the extensive
researches of Japanese scientists has been given
wider publicity and greater scrutiny. Warm
water fish often show greatly extended shelf
life when held in ice as compared to temperate
water fish., That this is due largely to the
rarity of typical psychrophilic spoilage
bacteria in their micro;loﬁi has been confirmed
by a number of studies.’: However, as noted
earlier Australian work has indicated that non
bacterial antogenous changes due Eo fish enzymes
may also be a determinant factor.

long emphasized the
in determining fish

Japanese workers have
importance of nucleotides

quality. They utilize a "K" value which is
essentially the ratio of Inosine and
hypoxanthine to all other ATP derived
nucleotides as the primary index of qua]lty for
warm water and temperate region seafoods.” This
index is largely 1independent of bacterial
activity i%ough bacteria can break down

nucleotides™” and is highly specific for initial

(ie. pre-spoilage) quality. Anotner important
factor 1in initial quality relates to rigor
mortis. Japanese buyers place high value on
fish 1in pre-rigor condition., Some fish show
more rapid development of rigor mortis at 0°C
than at higher temperatures and this has led to
a suggestion that such fish might be ghipped to
market at 5-109C after «killing. This
phenomenon is related, of course, to the rate of
ATP breakdown and lactic acid production and in
some cases seems similar to cold shortening in
beef except that rigor develops guickly without
shortening. The importance of these
observations from the microbiologists point of
view is that they could lead to practices which
would accelerate microbial growth and spoilage.
This 1is particularly important in tropical
regions where delays in icing of more than 9-13
.. hours_can shorten shelf 1ife from 15 to 4 or 5
days.1 Obvjously, fish should be cooled at
least to 10°C as ~quickly as possible after
killing to avoid premature microbial growth.

Rapid cooling to below 15°9C is also important to
prevent growth of undesirable bacteria such as
the histidine decarboxylating species on tunas
and mahi mahi and enterotoxigenic vibrios,
There is no more devastating effect on sales of

a food product than publicity concerning its
involvement in human disease or a recall
associated with such a possibility. Estimates

of the economic costs of the canned salmon
botulism outbreak which only involved 2 people

are in the millions of dollars, Scombroid
poisoning is related to the presence of
histamine produced by decarboxylation of

histidine which is abundantly present in tunas,
dolphins, mackerels and blue fish. There seems
little doubt that this is due to rapid growth of
most mesophilic bacteria on fish which are held
at relatively high temperatures. The effect has
been duplicated experiq$n5§l1y in tunas, and
mackerel and other fish,”*

Bacteria of the Proteus group seem to be most
commonly involved in histamine production giving

rise to scombroid poisoning with Morganella
morganii most frequently indicted. However,

other bacteria can give rise to histamine most
notably Photobacterium whicqshas been shown to
do so in salt cured herring.

Other bacteria which may cause human disease
from consumption of seafoods have been
identified earlier_by Dr. Colwell and are well
reviewed by Bryan. Economic loss arises from
each outbreak associated with seafood products
and fish.

One aspect of microbial hazard which should not
be ignored is that arising from changes in
processing methods. We are all aware of the
concerns over such novel processes as radiation
and vacuum packaging’of unprocessed seafoods or
controlled atmosphere storage. A1l of these
have been or are being fully studied and
effective codes of practice developed. But we
should also recognize the potential problem of
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products made from fish which no longer behave
microbiologically like fish. In particular, I
refer to the range of products derived from
surimi whicn is rapidly spreading through our
markets. These seafood manufactured products do
not undergc spoilage in the same way as raw or
frozen  fish, They are wusually given
pasteurization treatment and may have very low
microbial populations when sent out from the
factories. The potential problem lies in the
repackaging carried out in supermarkets during
which contamination can occur. In the absence
of the normal competitive microflora of
untreated fish conditions may be good for the
growth of wundesirable bacﬁﬁria. Studies
reporteq6 by Matches et al. and Yoon and
Matches™® clearly indicate the potential for
growth of food poisoning organisms on such
products if these are exposed to warmer
temperatures, Industry must exert every effort
to follow good handling practices to avoid such
incidents.

Most food borne disease 1is due to errors in
handling, storage and presentation of the food.
However, there are some causes of illness which
occur due to events early in the handling
sequence or to intrinsic problems in the raw
material. Scombroid poisoning from tuna is most
commonly due to improper handling immediately
after capture, However, fish poisoning due to
consumption of toxic fish or she]]§isb is caused
by events beyond industry control.-:

There are three kinds of fish poisoning which
are most prominent in addition to scombroid
poisoning and these include Ciguatera, Puffer
Fish  poisoning and  Paralytic  Shellfish
Poisoning., Most of the evidence suggests that
these are due to toxins which are accumulated in
the animal tissues from feeding on
microorganisms that originally produce these
toxins. Currently we assume that these original
toxin producers are dinoflagellates or
cyanobacteria. Recent work mostly by Japanese
authors has indicated that certain b%ftefja may
produce one or more of these toxins.”® The
evidence is strongest for tetrodotoxin (puffer
fish) which is apparently produced by some
rather commonly occurring Vibrio species. The
significance of these observations for toxin
development in fish and shellfish is not yet
clear but they raise intriguing questions which
need further research. Work is going on in my
own and in other laboratories on methods of
detoxifying poisonous shellfish and we have
obtained partial success in removing 70-90% of
the toxin, Nevertheless, at present the only
control measure available to the fish industry
is to refrain from marketing toxic fish and
shel1fish. This raises two problems. It locks
up valuable food resources which could be
utilized (eg. butter clams 1in Alaska) and it
requires an expensive testing and surveillance
program, We urgently need research to develop
quicker and cheaper testing methods than we now
have available to screen potentially toxic
seafoods and keep them off the market. The
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importance of this becomes apparent if we note
that 132 out of 172 outbreaks of food borne
disease due to fish reported in USA in 3the
period 1976-1984 were due to fish poisoning.

I have deliberately avoided specific discussion
of microbial problems related to molluscs., This
is a situation of great difficulty and
considerable complexity. Molluscs are largely
sessile, they reside in shallow inshore waters
and are subject to run off from land.

It is extremely difficult to insure that
malluscs harvested from waters adjacent to large
urban areas are safe and clean. A major problem
is virus contamination and most recent cases of
food borne disease from molluscs have been due
to Norwalk or Hepatitis viruses. However, there
are recurrent problems from human or land animal
enteric bacteria and Vibrio species which may be
indigenous or introduced. We need to reassess
the situation with shellfish in
improved understanding of transmission of
disease organisms and the growing human
populations along the shorelines and modify our
control systems accordingly. The economic
effect of large scale sickness from molluscs in
the shellfish industry could be disastrous.

light of .our

What then is the message concerning microbiology
in the fish industry? First, we are doing much
better at controlling bacterial spoilage which
was the principal problem. However, there are
some aspects of spoilage which we do not
understand well enough to control effectively.
Newer processing technologies produce safer
seafoods which however carry potential problems
for the future, We need to research these and
develop recommendations on methods to avoid the
problems. There are microbiological implica-
tions of aquaculture that have not been
discussed here but which need research. Food
borne disease is probably less of a problem for
seafoods than for meat and poultry products but
with an increasing consumption of seafoods and
widening variety of species and products there
will be greater public attention. We must be
vigilant both for the recrudescence of old
problems and the arisal of new pathogens and new
situations. Molluscan shellfish present a
continuing microbiological problem which has not
been resolved and which deserves additional
attention, Finally, in 1light of the renewed
public drive for better food dnspection and
control we must consider the applicability of
new methods of microbial testing to the problems
in fisheries. Bacteria and molds are still the
number 1 problem of the food industries and fish
are no exception to this,



TABLE 1
BACTERIAL COUNTS ON FISH FROM SAME CATCH

Days in Ice Sole Hake Rockfish
log CFU/cm? skin
0 1.8 1.2 2.1
3 2.3 2.5 1.4
7 5.0 6.3" 5.5
10 6.3 " 6.3 4.9
* *
14 7.2 7.3 7.2

Indicates spoilage apparent.
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ABSTRACT

The failure to express the thermal process
rather than a time temperature relationship
combined with improper processing and
quality control methods, resulted in large
product losses and a questioning of the
product’'s safety. Sea Grant personnel
developed process methodology, computer
based microprocessor control instrumenta-
tion, alternative packaging materials, a
quality assurance system, and appropriate
training materials so that today pasteur-
ized crab meat sales are increasing.
Additionally, the pasteurization process
has been successfully applied to other
shellfish and foods. The development .of an
integrated (from harvest through
consumption) quality fresh fish program has
enabled seafood dealers to extend shelf
life from 6 - 8 days to 12 - 21 days. This
shelf life extension created new higher
revenue producing markets.

1. INTRODUCTION

Since its inception, Sea Grant has devel-
oped and maintained active research and
education programs in seafood science.
Programs in Virginia during the last 20
years have been effective in developing new
technology and expanding the scientific
knowledge within various academic disci-
plines. As a consequence, consumers have
been able to obtain seafood products that
are economical, safe, convenient, and
nutritious. Examples of successful pro-
grams are as follows:

2. PASTEURIZED CRAB MEAT

Meat from the blue crab was first produced
as a fresh product in Virginia during the
1860’s. 1In order to prevent product
spollage and stabilize inventories, the
meat was marketed as a canned or pasteur-
ized product almost 100 years later.
Pasteurized meat was an almost immediate
success since: the product retained many of
the physical, visual, and sensory qualities

of the fresh product; had a relatively long
shelf life (over one year); and did not
have either the higher cost and reduced
consumer appeal produced by a 12 D thermal
process. Unfortunately, improper process-
ing, packaging, storage, and transportation
resulted in large product losses and the
expressed concern over the safety of the
product by both the Food and Drug Adminis-
tration (FDA) and various health regulatory
agencies. Eventually, the FDA issued both
a Class I and a Class III product recall
and several studies were initiated to
determine the potential hazard of pasteur-
ized crab meat. As confidence in the
product eroded, sales of pasteurized crab
meat significantly decreased and the U. S.
Defense Persomnnel Support Center terminated
their purchase of the product. The seafood
industry became concerned over the situa-
tion and in 1971 contacted the state Sea
Grant program for assistance.

A comprehensive research and educational
program was initiated by the Virginia Sea
Grant program to identify the various
constraints and issues associated with the
production of high quality pasteurized blue
crab meat. In order to achieve the goal,
the Tri State Seafood Committee (a commit-
tee of crab meat processors, Sea Grant
personnel, and state health regulatory
personnel in Maryland, Virginia, and North
Carolina) was reformed. An audit of
pasteurization processes and product
handling practices was subsequently con-
ducted in several plants. Several major
problems were identified as a consequence
of the study: 1) the usual process was to
process the product to a temperature of 185
F for one minute at the geometric center of
the container, irrespective of container
size; 2) thermal processing equipment had
no temperature regulating, indicating, or
recording devices; 3) storage and shipping
environments were not properly controlled;
and 4) no firms had developed reliable
quality control or assurance programs.
Microbiological examinations of pasteurized
meat revealed that many cans contained )
obligate anaerob populations exceeding one
million per gram.
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It was obvious that many changes in equip-
ment and procedures would be required if
pasteurized crab meat was to be reestab-
lished as a commercially viable product.
The Tri State Seafood Committee established
a Good Manufacturing Practice (GMP) for
pasteurized crab meat which contained
recommendations for equipment and facili-
ties, microbiological quality standards,
and handling conditions. The 185 F inter-
nal temperature processing was retained as
the Committee’s interim recommendation.
The GMP was submitted to the FDA for
consideration, however, no action was
taken.

One of the greatest problems facing the
production of high quality pasteurized crab
meat was the development of a satisfactory
thermal process. Under processing results
‘in product spoilage while over processing
causes discoloration. If the 185 F
internal temperature is used, large cans
(16 oz) would receive a greater amount of
thermal energy while small containers (12
and 8 oz) would receive considerably less,
Several processés were monitored for their
lethality with the process being being
expressed in terms of f values

(z = 16, £ 185). F values obtained ranged

from 22 to 196 with an average of 96 which
indicated that some processors were were
either under or over processing their
product., Unfortunately, it was not possi-
ble to recommend a lethal process due to
the relative large variation. Laboratory
and field research eventually indicated
that an f value greater than 35 would
provide an adequate process. This research
placed the pasteurization process in
acceptable scientific terms and permitted
processors to use temperatures other than

185 F and helped establish adequate pro-
cesses for containers of varying sizes and
shapes. A computerized data base was )
established that would enable processors to
calculate their thermal processes and
compare their process to others. Sea Grant
-personnel evaluated each firm's thermal
-process on both the East and Gulf coasts to
insure their adequacy. Eventually, foreign
countries (as far as Turkey) requested
visits by Sea Grant personnel to evaluate
pasteurization processes.

A comprehensive crab meat pasteurization
manual was developed in cooperation with
the National Fisheries Institute, Inc. The
publication presented, for the first time,
the theory and applications of pasteuriza-
tion practices on meat shelf life and
quality. Eventually the manual was provid-
ed to industry on a 5.25 or 3.5 inch
computer disk that enabled processors to
calculate their process lethalities using
normal office equipment rather than having
to access a main frame data base.
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By this time, pasteurized crab meat was
again becoming accepted in the market place
since quality could be guaranteed and the
longer shelf life reduced losses in retail
food stores and food service establish-
ments, Additional developments rapidly
occurred. Sea Grant produced 6 forms that
would permit a firm to evaluate their
process and maintain an accepted guality
assurance program. Two color coded forms
were developed to assist processors in
establishing a can seam evaluation and
record keeping program. Additionally, two
video tapes were produced in cooperation
with the Blue Crab Industries Association
on crab meat pasteurization equipment and
procedures and can seam evaluations. The
tapes have been translated into several
languages and are used as training materi-
als in the processing of other Callinectes
crab species. To insure that the educa-
tional materials were understood by both
the industry and regulatory agencies, a
series of training courses were held. At
the suggestion of the blue crab industry,
some states required attendance at the

programs before a license to process crab
meat would be issued.

Recently, a cooperative venture was initi-
ated with Keltech, Inc. to develop a
microprocessor controller that can be used
in two modes. One is a time-temperature
sequence and the other is the real time
calculation of process lethalities. The
process controller monitors both the
cooking and cooling process variables,
terminates the process on pre-set
time-temperature of process lethality
schedules, and maintains records for
quality assurance programs. The equipment
is now being used in both the United States
and the People's Republic of China.

Several major advances were made when a
process was developed for the pasteuriza-
tion in flexible films and plastic contain-
ers. The flexible film is capable of
holding up to 6 lbs of product and costs
less than 10 cents whereas 6 metal contain-
ers would cost over 4 dollars, The plastic
container (1 1b) has a cost of 15 cents.
These new packaging materials have provided
substantial savings to the industry and
their use is rapidly spreading and should
account for more than 80 percent of con-
tainer sales within the next 5 years.

The pasteurization concept has been expand-
ed to include further processed foods,
institutional food products, and other
shellfish species. Virginia Sea Grant has
provided sufficient technology to pasteur-
ize seafood stuffings, mixes, sauces,
soups, stews, and chowders. A patent has

~been received for the process and new



marketing opportunities developed as a
consequence. Prior to the introduction of
the bulk pack, pasteurized meat could only
be purchased in metal containers. The
relative cost of the container and the cost
of opening a one pound container made
purchase of the meat unattractive. Conse-
quently, many crab based products were not
produced during the winter when crab
catches are at their lowest level. The
ability to process the product and store it
in an appropriate container provided
alternative marketing opportunities.
Recently, pasteurization has been
successfully applies to crawfish tailmeat,
shrimp, and oysters.

Today, pasteurization is emerging as the
preferred market form and accounts for
approximately 30 percent of the market
share. Within a few years, pasteurization
has been transformed from a questionable to
a respected product.

3. FRESH FISH MARKETING

In 1983, a cooperative research project was
initiated with Virginia Sea Grant, the
Kroger Co., and the Mid-Atlantic Fisheries
Development Foundation, Inc. to develop and
implement a high quality fresh fish market-
ing program. 1Initial studies revealed that
mid-West markets were willing to pay higher
prices for quality fresh fish products than
East coast residents and that most fish
firms on the East coast were only capable
of producing products that had a shelf life
between 6 to 8 days. An integrated program
was initiated that included fishermen,
processors, distributors, and retailers.

Several species of fish were boxed, short
shelved, and bulked stored. Boxed fish
generally produced higher quality products
than the other methods since the fish

had a greater cooling rate and were not
physically damaged. Day of catch did effect
the quality and shelf life of boxed fish.
Bluefish and mackerel had the shortest
shelf life. Blue fish caught on the last
day had an average shelf life of 10 - 11
days, third day caught fish lasted 7 - 8
days, and first day fish lasted only 4.5 -
5.5 days. Bleeding and gutting by either a
one or two stage process did not
significantly extend shelf life. The
effect of delayed processing produced
interesting results, Fishermen and
processors believe that the quicker you
process fish the longer the shelf life.
Bluefish which were processed immediately
had the lowest semsory scores after 9 days
of storage and the shortest shelf life,
Bluefish that were stored on ice for a
period of 4 and 7 days before processing
lasted approximately 11.0 to 13.0 days. A
longer shelf life can therefore be
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obtained, at least for Bluefish, by holding
fish on ice in cold storage and processing
prior to marketing.

The shelf life of Atlantic mackerel was
shown to be dependent upon a specific
market form. Based on taste sensory
scores, with a score of 5 or less as the
cutoff, the following shelf lives were
obtained: dressed - 12 days; skinless
fillet - 10.5 days; steak - 8.5 days; and
skin-on fillet - 8 days.

The temperature at which tray packed fish
fillets were stored significantly affected
quality and shelf life. Foe example, boxed
bluefish were processed under sanitary
conditions into skinless fillets, tray
packed, and stored at the following temper-
atures: 29 F; 29 F for 2.5 days with
subsequent storage at 33 F; and 33 F.
Storage at 29 F resulted in an increase in
the shelf life of approximately 3 days over
the 29 - 33 F combinations stored bluefish
and 5 days over the 33 F.

Since the primary mechanism of fresh fish
spoilage appeared to be microbiologically
related, a high pressure washer (up to

1,000 psi) was developed and tested. The

washer was different from other washing
devices on the market in that it contained
three separate sections. A high pressure
pre-wash, high pressure wash (with or
without additives), and a low pressure
post-wash containing sanitizing solutions.
Fish which were high pressure wash prior to
processing, demonstrated a reduction in
microbial counts over the unwashed fish.
Evaluations of the raw fish for odor and
cooked fish for taste, demonstrated that
the high pressure washed fish were superior
throughout the storage study. the high
pressure washer was also tested on pro-

cessed fish. Traditional methods of

washing fish have been shown to actually
increase the number of spoilage bacteria.
Fresh fish which were boxed at sea were
processed at two typical East coast fresh
fish processing plants. One plant washed
the dressed fish by passing them through an
ice water wash tank while the other uti-
lized the high pressure wash. Microbial
counts of dressed mackerel, sea bass, and
porgy which were passed through the conven-
tional wash tank were more than two logs
(100 fold) higher than the high pressure
washed fish. The high pressure washed fish
also had a substantially lower coliform
counts (240 vs <3 per g). The shelf life
of the high pressure washed fish can be
extended by as much as 5 days.

When the various treatments were comﬁined,
boxing at sea, sanitary processing with
high pressure washes, and superchilling,
the shelf life was extended from the
customary 6 - 8 days to 12 - 15 days. This



shelf life extension made possible a market
expansion from the East coast to the
mid-West. When modified atmospheres were
used, the shelf life was extended from 17
21 days depending on the species. While
this extra shelf life time was potentially
useful, the added expense and potential
hazard form consumer and distributor abuse
was not worth the benefit. Additionally,
the food retailers did not want longer than
absolutely necessary shelf lives since
profitability is increased when greater
product turnover occurs. Long shelf lives
encourages retail department managers to
inventory product rather than purchase on
realistic projected needs.

The culmination of the project was a two
phase marketing effort conducted
incooperation with the Kroger Co. The
marketing effort was divided into two
phases. Phase 1 was held from April 14 to
May 24 in six stores in the Dayton, Ohio
area. These stores, which were classified
according to their consumer income level
profile, included one low income store,
four middle income stores, and one high
incore store. During phase II, November 17
- December 20, the project was expanded to
include 17 stores (three low income, seven
medium income, and seven high income) in
the Cincinnati-Dayton, Ohio area. - Training
programs were held, before each phase, for
the seafood managers of the participating
stores,

This project was unique, in respect to
being vertically integrated. Several of
the activities tested, during parts I and
I1, were implemented in part III to ensure
quality. Aboard the vessels the fish

were handled quickly to ensure rapid and
adequate icing. Storage methods such as
boxing and short-shelving prevented damage
from crushing or bruising.  In the
processing plants sanitation personnel were
trained on the proper use of sanitizing
equipment and chemicals. All employees
were trained to use proper hyglene and
sanitary practices, including washing hands
prior.to entering a work area, use of
hairnets and clean attire, elimination of
eating and smoking in the work area, use of
bactericidal hand and utensil dips, and use
of gloves that can be sanitized. A
rotation system whereby product totes and
cutting boards were scrubbed and sanitized
routinely was implemented. All fish
processed for this marketing effort were
high-pressure washed to reduce spoilage
microorganisms and to ensure at least 12
days of quality shelf-life. Temperature
control was also closely monitored to
ensure rapid and adequate cooling
throughout processing. Tray-packing:
equipment enabled product to be held.at 29
F rather than 33 F thereby extending fresh
shelf-1ife. Packaging, shipping and

distribution of the product was executed to
ensure rapid delivery without temperature
or handling abuse. Upon arrival at Kroger,
the fish were checked for proper
temperature and quality before the shipment
was accepted.

Retail Marketing Phase I - The mid-Atlantic
species marketing during phase I were
Atlantic Mackerel (skin-on fillets),

Whiting (dressed), Porgy (dressed), Bluefish
(skin-off fillets), Black Sea Bass
(dressed), Atlantic Croaker (dressed), and
Gray Seatrout (skin-on fillets). These
species were chosen based on availability
and quality.

Among the service seafood stores, the low
and high income stores reported the best
sales. Low income store "A" had sales of
90% or greater for Croaker, Sea Bass,
Bluefish, Whiting, and Mackerel. High
income store "O" reported sales of 100% for
Seatrout, Croaker, Sea Bass, Bluefish, and
Whiting. In comparison, the medium income
service stores (stores E, G, and I) were
not as successful. These stores reported
sales of 38-59% for Mackerel, 33-70% for
Whiting, 45-49% for Porgy, 25-50% for
Bluefish; 20-87% for Sea Bass, 0-100% for
Croaker, and 25-50% for Seatrout. Overall,
high income store "O" reported the highest
sales with 93.6% of the product sold. Low
income store "A" had sales of 91.1%, while
the medium income service stores (stores E,
G, and I) had the lower sales of 54.7%,
39.4%, and 50.9%, respectively.

On a percentage basis, the amount sold was
very similar for all the mid-Atlantic
species which were marketed. The sales
ranged from a high of 75.6% sold for Sea
Bass to a low of 62.4% sold for Porgy.
Bulk packed fish outsold the tray-packed
fish by 15%.

Retail Marketing Phase I1 - The
mid-Atlantic species marketed during phase
IT were Black Sea Bass (dressed), Atlantic
Croaker (dressed), and Gray Seatrout
(skin-on fillet). These species were
chosen based on availability and quality.
The success in selling these fish was
highly variable. Sales of sea bass ranged
from 0 - 100% of the product sold with an
average of 46.1%. Sales of croaker ranged
from 0 - 98% with an average of 36.6% and
seatrout sold from 0 - 95% with an average
of 56.9%. 1If the sales data from three of
the middle income stores, which displayed
very little active participation (stores D,
E, and H), were omitted these averages
would increase: sea bass 54.1% sold,
croaker 43.0% sold, and seatrout 65.5%
sold.



Sales of these fish, broken down into
store income profile levels, indicated that
the low income stores had the greatest
sales for all three species. Dressed sea
bass sold at an average rate of 73% for the
low income stores, 50% for the medium
income stores, and 31% for the high income
stores. Average sales of dressed croaker
were 56%, 38%, and 27% for the low, medium,
and high income stores, respectively. Even
the higher priced seatrout fillets ($3.59 -
4.99 / 1b.) sold best in the low income
level stores. They had an average sale
rate of 77%. The high income stores were
"next with 62% sold, followed by the medium
income stores with 43% sold. Overall,
_seatrout fillets sold best during phase II.
Out of 1190 pounds marketed, approximately
715 pounds or 60.0% were sold. The dressed
fish, sea bass and croaker, did not sell as
well. They sold at rates of 45.9% and
36.6%, respectively.

During phase II, 48,2% of the fish were
sold. 1If we again omit data from stores
"bP", "E", and "H", the average increases to
56.2% sold. The percentage of fish sold
per store ranged from 6.8% to 96.4%.

On a percentage basis, the sales of
mid-Atlantic fish during phase 1 were
higher than during phase II. In phase I an
average of 68.5% of the product was sold
versus 48.2% for phase II. One factor
which may have influenced sales, was the
greater variety of fish marketed during
phase I. In phase I, seven different
species were available. Only three species
were available during phase II. Another
probable contributing factor was the higher
retail price of the fish during phase II.
Sea bass, croaker, and seatrout sold for
approximately $1.00/1b. higher during phase
II. )

It should also be noted that the phase II
marketing effort occurred during the off
'season for finfish sales (November -
December). One could surmise therefore,
that if you can sell almost 50% of your
product during the holiday season, even
with the limited availability and higher
pricing, that the sales potential at other
times of the year would be much greater.

In-Store Demonstrations - Evaluation of the
in-store demonstrations indicated that they
were beneficial to sales of mid-Atlantic
fish. The majority of the seafood managers
stated, that they believed the in-store
demonstrations were beneficial to sales of
not only mid-Atlantic fish, but other
seafood products as well. The quality of
the mid-Atlantic fish that they received
was rated from average to excellent; with
most of the fish in the above average to
excellent range. Many of the managers
stated that they preferred the fish which
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were packed in bulk over the tray-packed
product.

Store Management - With respect to future
marketing of mid-Atlantic fish, the
majority of the seafood managers, from the
low income profile stores, stated that they
believed they could sell the following
species and market forms; filleted Atlantic
mackerel, dressed or filleted whiting,
filleted bluefish, dressed sea bass,
filleted gray seatrout, and filleted
flounder. The seafood managers, from the
middle income profile stores had the
following preferences; filleted whiting,
filleted bluefish, dressed or filleted sea
bass, filleted gray seatrout, and filleted
flounder. The managers from the high
income profile stores stated that they
could only sell fillets. These included
filleted mackerel, bluefish, sea bass,
seatrout, and flounder.

Some of the overall comments on the project
included: “"Would like to do it again!"”,
"Are we going to get any more mid-Atlantic
product?~, "Did better with bulk pack...",
"Customers liked the variety”, "Send more
fillets and less dressed fish.", "Bad time
for project, toc many other things going
on.", "Waste of money at this store...too
high income level.", "Liked the fish we
received, but definitely prefer fillets.",
"Tough to sell prior to the holidays",
"Program was excellent...very little
problem with product overall™.
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ABSTRACT

Recent advances in the understanding of the health-
related benefits of omega-3 polyunsaturated fatty
acids have enhanced the consumer image of fish and
seafoods. While future markets for seafoods appear
extremely bright, this great potential will be
realized only of products with fresh, mild flavors
are provided to consumers. New discoveries about
the chemical nature of fish flavors have provided
important insights into the processes which yield
delicate fresh fish and seafood -flavors as well as
those which are associated with staling and sea-
food spoilage. This information is needed to guide
the development of safe new preservation.technolo-
gies, such as modified atmosphere packaging of
fresh refrigerated fish. Loss of traditional
spoilage odors is encountered in modified atmos-
phere packaged fish, and potential hazards arise
from botulinal food poisoning in temperature-
abused products. Thus, alternate means of detect-
ing handling abuse is a requirement for the
introduction of this new technology. Measurement
of aroma compounds for this and other purposes

are discussed in relation to spoilage and fishy
flavors,

INTRODUCTION

Consumers have dramatically increased their con-
sumption of fish and seafoods in recent years, and
many now project that the demand will continue this
upward trend into the future. In addition to bene-
fits from attractive low calorie and low. cholester-
ol images, fish and seafood sales have significant-
ly benefited from the emerging knowledge about the
health benefits of the omega-3 long-chain, polyun-
saturated fatty acids contained somewhat uniquely
in fish lipids (1,2). Currently, fish, especially
fatty species, provide the only major source of
omega-3 long-chain fatty acids to the food supply.

Freshly-harvested fish and seafoods are character-
ized by very mild flavors that are particularly
lacking in fishiness, especially-after cooking. —
Distinct and objectionable fishiness most disliked
by consumers arises as the quality of either fresh
refrigerated or frozen fish and seafood deterior-
ates during handling and storage encountered in
usual contemporary distribution systems. Many
consumers, particularly those in inland regions,
have experienced only seafoods with pronounced
fishy flavors, and generally have little attraction
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to seafoods. Others are aware of the delicate,
mild flavors of fresh fish, but prefer not to risk
the purchase of fish and seafoods that in all like-
lihood will have'a flavor quality less than their
expectations. Therefore, in order to realize the
potential for fish and seafood sales, it is essen-
tial to strive to provide fish that lack fishiness

‘and have the highly acceptable quality character-

istics of freshly caught fish.

In recent years fish oils have also been sold wide-
1y as supplemental sources of omega-3 fatty acids
to the food supply. However, many consumers re-
frain from purchasing fish oils because of cautions
from the medical community that the consequences of
heavy consumption of o0ils are not understood at the
present time. Assuming, however, that moderate
consumption of fish oils will not be found harmful
through research, it follows that many consumers
will not tolerate the pronounced fishy flavors now
found in various fish oils. Much interest has

also been expressed recently about the incorpora-
tion of omega-3 fatty acids and fish oils into
usual foods much the same as other animal or plant
fats are used. However, in most instances very
pronounced fishy flavors result, and major techno-
logical hurdles face scientists and technologists
as they strive to overcome these difficulties. In
any event, without solutions to off-flavor problems
foods fortified with fish oils will be rejected by
the majority of consumers.

SEAFQOD QUALITY FACTORS

Consumers generally use several quality factors in
decisions about fish and seafood purchases (3).
However, the species of fish often serves as a
basis for an initial concept of the quality, and
this is supported by several other considerations,
including form, composition, nutritional value,
texture and flavor. When little-known species of
fish are involved, consumers have little basis for
a perception of quality without some persuasion by
the marketer. Color, texture, and flavor proper-
ties in these fish become the most important fact-
ors for quality perceptions.

Many consumers object to the tough or dry textures
that are often encountered in frozen fish. Preven-
tion of tough textures in some species of fish dur-
frozen storage is difficult, but rapid freezing and
storage below -20°C after dipping in polyphosphates
generally lessens the severity of the problem (4).
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Application of polyphosphate dips reduces the drip
formed when fish is thawed and held, and this is
attributed to an increased water-binding capacity
of proteins. The use of polyphosphates can lead to
slight phosphate flavors and requires labeling as

a food additive.

Freshness of flavor, however, very frequently is
the quality factor that determines acceptance of
fish and seafoods. This is especially the case
currently where there is a great demand for fresh-
ness in all forms of foods. Perceptions of fresh-
ness by consumers includes several quality factors.
However, the odor quality of either fresh or pre-
prepared seafoods plays a pivotal role in the
perception of freshness. Odors or aromas are pro-
duced by volatile organic compounds when they reach
the olfactory epithelium in the nasal cavity, and
thereby provide a major portion of the integrated
flavor sensation that is perceived when.a food is.
consumed. Aromas associated with seafoods and fish
include not only those that are present in freshly--
harvested products, but alsc those that aré assoc-
iated with fish quality.deterioration.

There are several very general means by which fresh
aromas and flavors of seafoods deteriorate. The
traditional aerobic spoilage of fish by microorgan-
isms proceeds through a series of aroma stages that
have been described as stale, sweet, ammoniacal,
and finally putrid (5). Some quality deterioration
can be attributed to autolytic enzyme action in
fish, but these effects are often subtle to the
average consumer. Autolytic processes yield free
amino acids and are responsible also for the early
degradations of the 5'-ribonucleotides. The loss
of 5'-ribonucleotides lessens fish freshness be-
cause they are flavor enhancers which provide some
of the delicious or umami taste sensation that is
highly prized in fish, crabs, and other seafoods.
The disappearance of 5'-ribonucleotides often paral-
lels the loss of fish freshness (6,7), and their
measurement is sometimes used as an indirect index
of fresh fish quality. Another major mechanism for
deterioration of flavor quality in.fish stems from
the oxidation of polyunsaturated fatty acids in. |,
fish lipids which yields oxidized fishy flavors or
rancidity. Often in the past it has been impossi-
ble to discern which of the mechanisms were most
responsible for flavor quality deterloratlon in'a
specific circumstance.

CHEMISTRY OF FISHY FLAVORS

Trimethylamine is believed by many to be the com-
pound that is responsible for fishy flavors because
it is found in fish, and it exhibits fishhouse-1like
aromas when present in ppm concentrations. However,
it occurs only in significant concentrations

in marine species of fish, and it is not present in
these fish when they are freshly harvested (8). Its
precursor is.trimethylamine oxide which is odorless,
and this substance functions in osmoregulation of
marine fish. Many spoilage bacteria associated with
fish are capable of reducing trimethylamine oxide to
trimethylamine, and hence its development in refrig-
erated marine fish has long been used as a chemical
index of fish freshness (8). However, trimethylamine

measurements frequently do not parallel sensory
assessments of fish flavor quality because other
fishy flavor compounds also contribute to these
flavors.

Dimethylamine is frequently found in marine fish
also, and especially in frozen marine fish that
have not been held at suitably low temperatures.
This alkyl amine also exhibits an ammoniacal, fishy
aroma that is somewhat similar to trimethylamine.
Instead of having its origin through microbial
degradation of trimethylamine oxide, dimethylamine
is formed via endogenous enzyme action in fish
muscle (8). The enzyme action releases both di-
methylamine and formaldehyde from the oxide, and
the formaldehyde molecule is believed to cause some
of the toughening observed in frozen fish muscle
through cross-linking of proteins.

ago in.our labora-
of seafood and fish

Research that began a few years
tory on the chemical definition
flavors addressed the compounds that contributed
fresh: flavors rather than those that appear when
fish is sufficiently deteriorated so as not to be
considered in the very fresh stage. This research
led to the discovery that specific carbonyls and
alcohols that were enzymically generated by lipoxy-

~ genase activity accounted for the fresh, marine-
~green aromas which characterize very fresh fish (9).
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. sites on polyunsaturated fatty acids,

Lipoxygenases position hydroperoxides at specific
and these hy-
droperoxides then serve as direct precursors for the
alcohols and carbonyls.

Various species of freshwater and marine fish pro-
duce differing quantities of 6-carbon, 8-carbon,

and 9-carbon carbonyls and alcohols from the poly-
unsaturated fatty acid precursors, and this differ-
ence. accounts for the different aromas observed in
the various species of fish and shellfish (10,11).
Cleavage of hydroperoxides that are produced by the
lipoxygenases at specific sites yields specific
aroma compounds, and ‘this appears to be carried out
by lyase-type enzymes. This research has also shown
that the profile of carbonyls and alcohols can change
with the stage of life cycle of fish. For example,

~salmon from saltwater exhibit different profiles of

volatile aroma compounds that similar fish.taken
later during spawning runs in freshwater. This
shift appears to reflect a change in the cell level
regulatory mechanisms for osmoregulation and slime
productions which appear to be mediated. by hydroxy-
fatty acids or. leukotrienes that are also derived
directly derived from the hydroperoxides formed by
the lipoxygenases.

In refrigerated fresh fish, the very delicate marine-
green ‘aromas are often lost during the first day or
two of holding. This has been found to be largely
the result of microbial conversion of .the cucumber-
like compound, t,c-2,6-nonadienal, to a lesser po-
tent aroma compound, t,c-2,6-nonadienal. Thus, the
loss in fresh aroma can be traced to a simple alter-
ation of compounds in the fish (12). Continued aer-
obic ‘storage results in the microbial production of
various esters whic- provide sweet aromas, and fin-
ally sulfur compounds are produced which along with
phenols and certain fatty acids give rise to spoiled



or putrid aromas (12).

Until recently it was présumed .that the lipids in
fish and seafoods rapidly became oxidized because
the autoxidation process was initiated by light and
then was promoted by the presence of metals, and
particularly iron from heme. However, the discov-
ery of enzymic generation of flavor compounds via
lipoxygenase activity (9) combined with observa-
tions that non-site-directed enzymic lipid oxida-
tions (13) occur in fish muscle places emphasis on
means for potential control of the development of
oxidized flavors in seafoods in'a different light
than formerly. In effect these enzyme activities
provide a seeding of hydroperoxides into fish
muscle very soon after death. Thus, the processes
that are responsible for the desirable aromas of
fresh seafoods and fish must be controlled somehow
because they are also responsible for initiating
the random oxidation reactions that soon lead to
the expression of fishy oxidized flavors.

Fish lipid oxidation produces, perhaps, some of -the
most objectionable fishy flavors known, and these
are particularly promounced in fish oils, such as
cod liver oil. However, these flavors are equally

influential in causing fishy flavors in aerobically’

held fresh fish and frozen fish. Among the pro-
ducts of 1lipid oxidation, two isomers of 2,4,7-
decatrienal provide the most potent undesirable
fishy flavors. These compounds are derived from
the autoxidation of long-chain omega-3 fatty acids,
and because of their low thresholds they become
dominant in the aromas and flavors caused by lipid
oxidation products (14). "Recently, we have con-
tinued research on these compounds, and have found
that some hope lies in devising means to alter the
course of autoxidation in fish oils so that the
2,4,7-decatrienals are not favored as products of
oxidation. In the presence of high levels of
tocopherol-type antioxidants, greater. amounts of
1,5-octadien-3-0l1 are formed at the expense of

the decatrienals, and the alcohol has less flavor
impact and is not fishy in character. Thus, the
use of natural antioxidants and other mediator
compounds may have potential for reducing the
flavor impact of lipid-derived fishiness. However,
considering the flavor potency of these compounds
from 1ipid oxidation, it appears that a difficult
task lies ahead in solving this highly significant
problem of the seafoods industry.

PRESERVING SEAFOQOD FRESHNESS THROUGH TECHNOLOGY

Based on the discussion of the chemistry of fishy
flavors and other deteriorated flavors in seafoods,
it might appear that the task.of controlling flavor
quality might be a relatively simple matter of pre-
venting microbial growth and eliminating oxygen
from contact with the product. Indeed, much of the
traditional processing of seafoods, such as drying,
salting, or pickling, addresses directly the pre-
vention of microbial growth. Certainly, the frozen
fish industry also provides control of microbial
growth, but freezing does not control oxidation.
Further, frozen forms of seafoods are not highly
desired by consumers, and sales have not increased
similarly to fresh fish.

Ideal frozen fish technology, including rapid freez-
N (%] . -
ing, storage below -30"C, and vacuum packaging in

~ barrier film, can preserve much of the quality of
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fresh fish. Some argue currently that this is the
means by which seafoods should be marketed, but the
costs combined with quality deterioration that
occurs from inevitable mishandling continue to make
the option less attractive than improved fresh fish
systems.

Modified atmosphere packaging with carbon dioxide

or vacuum packaging of fresh fish also has been
explored significantly as a means for preserving

the fresh -quality of refrigerated fish (15,16).

This. technology also provides means for exclusion
of oxygen from contact with fish provided that a
barrier package is employed, and it retards the
growth of traditional aerobic spoilage bacteria.
Under ideal conditions, it has been shown that the
usual shelflife of 4-8 days for refrigerated fresh
fish can be extended to 14-18 days. Such an exten-
sion does not imply, however, that fresh-from-the-
water quality is retained throughout the period,

but instead implies that the products remain accept-
able for that time. . The freshly-caught quality
characteristics can be extended significantly,
however, under modified atmosphere packaging compar-
ed to usual aercbic holding.

Desires for implementation of modified atmosphere
packaging systems for fresh fish distribution have
been expressed by the seafoods and retail super-
market industries for some time now, However, a
major technological hurdle has arisen in the path
of development of these systems for fresh fish, and
this very simply is a potential hazard from botulism
poisoning from mishandled fish. Clostridium botu-
linum type E especially is widely distributed in
freshwater and marine environments, and it is cap-
able of growth at moderate refrigeration temper-
atures (16,17,18). The reduced oxygen environments
in modified atmosphere and vacuum packages slightly
favor the outgrowth of the botulism organism compar-
ed to aerobic environments. But more importantly,
the presence of carbon dioxide and the absence of
oxygen inhibits the growth of usual spoilage micro-
organisms that cause the putrid odors which prevent
the consumption of potentially hazardous seafood
products that have been temperature-abused. Thus,
the spoilage signal has been lost with the new tech-
nology. Similar lengthy holding of traditional aer-
obically packaged fresh fish also will yield botu-
lism toxin if spores or cells of C. botulinum are
present, but consumption would be prevented because
of the offensive aroma.

Thus, the implementation of modified atmosphere
packaging for fresh fish has been held back because
it is likely that somewhere a consumer will abuse
fish by not keeping suitably refrigerated. Abusive
handling of modified atmosphere packaged fish that
can ‘lead to toxin formation, however, must involve
exposure to elevated temperatures for several hours.

Besides aroma signals that fish may not be suitable
for consumption, visual signals such as drip, tis=-
sue disintegration, and bleaching, may also provide



information that the product is spoiled. However,
visual ques are generally considered not strong
enough to deter consumption of marginally safe fish
products. Further, after washing in cold water the
fish may again appear quite acceptable for consump-
tion.

The most promising solution to providing consumers
with a fail-safe signal appears to be the use of
time-temperature indicators which provide a very
strong visual que that the product must not be con-
sumed if it has been abused. The appearance of a
red color in an enzyme solution-based time-temper-
ature indicator tab after abusive temperature
exposure is one commercial approach to this need.
Another commercial system employs the travel of

a low-melting colored wax along a wick which. is-
positioned along a quality scale, and the wax
travels towards a danger zone as the product is
exposed to abusive temperatures. These products
have great promise for use in making the modified
atmosphere packaging technology safe for fresh
seafoods.

However, the high cost-and some lack of adequate
flexibility to cover all circumstances of abuse
have precluded their adoption by the fresh fish
industry. More research is needed to improve the
functionality of these devices, and .to-lower the
cost to levels that make them affordable.

At this time interest in modified atmosphere
packaging systems for fresh seafoods appears cent-
ered on master-package systems which can be con-
trolled adequately in the distribution system so-
that essentially no threat of undetected temperature
abuse exists. These systems utilize large contain-
ers to hold consumer-size packages under modified
atmosphere conditions. The consumer-size packages
contained in the master packages then can be re-
moved from the systems just before sale, and they
will spoil in the usual manner. Thus, the shelf-
life extension is provided in the distribution
channels, and potential hazards are not encountered
by allowing consumers to temperature-abuse the
product while it is under carbon dioxide.

QUALITY-RELATED RESEARCH NELDS

Consumer demands for high quality fresh fish and
fishery products in general are projected to con-
tinue in the future, and ever increasing demands
for better preservation of fresh flavor quality
will also result. Assuming that the health bene-
fits of moderate consumption of omega-3 long-chain
polyunsaturated fatty acids continue to be support-
ed by on-going research, additional demands will be
encountered for fish oils. Currently, only fish
and seafoods are viewed as viable sources of the
omega-3 fatty acids in the diet, However, research
activities towards the incorporation of omega-3
fatty acids into foods other than seafoods has
already begun. Fish oils are currently the only
source of omega-3 fatty acids for these uses, but
alternate production from genetic engineered aquat-
ic plant-based sources are likely to compete with
the fishery industry for this market. Therefore,

4. Boyd, J. W., and Southcott, B. A.

research on the means for preservation of high qual-
ity fresh fish and seafoods remains high to assure
maintenence of seafoods as highly sought-after
foods. Particularly needed are continued research
programs on developing means to control development
of fishy flavors in seafoods as well as research on
the development of safe fresh fish packaging and
‘distribution systems that are compatible with con-
temporary retailing of fish. Additionally, research
is needed on methods that can be used to determine
fish freshness quality when they have been held in
new preservation systems that obscure the tradition-
al quality indices.
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OF OUR SEAFOOD RESOURCES

Herbert O.

Hultin

University of Massachusetts/Amherst

ABSTRACT

The prim:ry macronutrients obtained from seafoods
are proteins and lipids. Their chemical and
physical instabilitles, however, are a major
drawback to full utilization of our marine
resources. Fish proteins have a unique ability to
form protein gels, even in the absence of NaCl.
These proteins, however, denature readily during
storage and processing, thus changing the physical
properties of the fish tissue or products derived
therefrom. Current nutritional interest in fish
lipids relates to their high concentrations of n-3
fatty acids. Oxidation of these fatty acids
produces off-flavors and odors and unacceptable
products. A lack of understanding of the basic
processes involved in these deleterious changes
has prevented utilizing many of our marine
resources. Muscle tissue recovery processes
involving tissue disruption exacerbate these
problems. Due to their living in an unusual
environment, marine poikilotherms have enyzmes
with unique and unusual properties. Commercial
exploitation of these enzymes awaits further
research and development.

INTRODUCTION

The living resources of the oceans have produced
food for mankind for thousands of years and the
lore and challenge of the sea have prompted many a
brave soul to choose fishing as a career. Fishing
1s still a process of hunting and in many respects
the search for the wild animals in the ocean today
is comparable to the relationship of humans with
land animals and birds some 10,000 years ago.
This has significance because variations in
populations are greater than with species which
have been carefully bred for hundreds if not
thousands of years. Part of the challenge of
fishing as a livelihood stems from the fact that
often the roughest of waters provide the highest
yields of the sea due in part to the upwelling of
the water in those areas which distribute
nutrients from the bottom of the ocean.

Fishing is unique in another respect in that while
the primary species of land animals and birds
consumed by humans were also prey in the wild to
carnivorous species, most of the fish that is
consumed by humans are themselves carnivores, thus
greatly limiting sustainable yields from the sea
(Lorentzen, 198l). Perhaps an even more important
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difference between the catching of food fish and
obtaining food from domestic animals and birds 1s
that we are dealing with a common resource in the
case of the fisheries. It is a case of "first
come, first serve" and makes management
particularly difficult. During the 1960's fish
catches increased, and it was thought by many that
the living resources of the ocean were
inexhaustible. However, yields from the sea have
long since leveled out and research sclentists now
recognize the limitations on the resource. This
imposes the necessity of our wise use of the
resources that are available on a sustainable
level.

There are many unique problems associated with the
use of fish and shellfish from the marine
environment. There are a wide variety of species
with very different characteristics, including odd
shapes, sizes, or unattractive names. Even with
specles which are considered desirable,
approximately 50% of the edible flesh is not
recovered in normal processing, and there has been
slow development in the commercialization of
byproducts of the fish processing industry. In
this short paper, I will concentrate on three
areas which illustrate both the problems and
opportunities that challenge us in utilizing
finfish. The areas are proteins, lipids and
enzymes. The unique characteristics of these
materials from fish compared to other food sources
stem from the fact that most of the commercial
species are poikilothermic organisms taken from a
low temperature, aquatic environment.

PROTEINS

As 1s the case with the proteins of most animal
tissues, fish muscle protein is of high
nutritional quality. Indeed, it is the primary
nutrient provided by this type of product. The
major problem associated with fish muscle proteins
is to keep the product containing the proteins in
a form that people wish to consume.

The texture of fresh fish is, in general,
acceptable to the average consumer., The low
content of collagen and its relatively low tensile
strength produce a generally tender product. The
nature of fish muscle collagen is a consequence of
the fact that the fish lives in a medium (water)
which supplies much support to the animal. The
ease of degradation of fish muscle collagen on
cooking is a reflection of the fact that fish live
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at low temperatures and have proteins which are
unstable at high temperatures.

It is the low temperature environment from which
the fish is derived, however, that does bring
about one of the major problems related to fish
texture. The contractile proteins which primarily
determine the texture of fish flesh and the
functional properties of the muscle proteins are
more unstable during handling and storage, e.g.
frozen storage, than the same proteins from land
animals and birds. It appears that this is due to
the greater flexibility required for these
proteins to function at the low temperature at
which the fish lives. To obtain this flexibility,
stability at high temperatures must be sacrificed
(Low and Somero, 1974; Tsuchimoto et al., 1988).
This great sensitivity to denaturation when the
proteins are stressed 1s the reason that adequate
storage temperature for fish flesh is considered
to be -30°C rather than the -20°C recommended for
the muscle tissue of warm—blooded animals.

The situation with many marine fish is complicated
by the fact that they have an enzymic system that
degrades the osmolyte trimethylamine-N-oxide
(TMAO) to dimethylamine and formaldehyde. The
products of this reaction increase the rate of
denaturation of the fish muscle proteins greatly.
Although it had been suggested that formaldehyde
functions by crosslinking the proteins, other
evidence indicates that the primary function of
formaldehyde may be to increase the rate of
denaturation by side chain modification (Ang and
Hultin, 1988). The susceptibility of fish muscle
proteins to denaturation following side chain
modification has broad implications. Many
components of the cytosolic fraction of the muscle
cell could react directly or produce compounds
that would react with the proteins. Also, there
is the possibility that free radicals produced in
the aqueous phase can modify proteins leading both
to their denaturation and hydrolysis (Davies,
1986). Fish muscle proteins would be particularly
susceptible to these changes due to their natural
instability. :

Preventing these changes while recovering
functional fish muscle proteins from minced fish
prepared from underutilized species or fish racks
poses a major challenge for future research. Some
physical properties of fish muscle proteins are
unique. OQOne of these is their ability to form
highly elastic gels. This property is the basis
of the process of surimi manufacture which has
become an important economic venture recently in
the United States. It appears that the physical
properties of fish proteins may be even more
unique than originally thought. We have recently
shown that very good gels can be produced from
some species of fish without the addition of NaCl
(Hennigar et al., 1988), usually believed to be
necessary to solublize the contractile proteing
prior to their formation of gels. This offers a
great potential for a whole new range of products
catering to the desire, or even need, for people
to restrict their intact of sodium. From a food
product point-of-view, it could allow the use of
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these proteins in products which are not
compatible with NaCl for reasons of flavor. In
related work, we have evidence that components of
species which can form good gels in the absence of
NaCl can be wused to confer this ability on fish
species which ordinarily require NaCl.  Further
work is required in this area, but it may
eventually lead to the ability to get desirable
physical properties from the proteins of a wide
varlety of fish species which currently have
limitations in their use.

LIPIDS

Fish lipids are currently the center of much
research attention because of epidemiological
studies which have shown a correlation between the
consumption of n~3 fatty acids and a lessening of
various human physiological disorders, especially
atherosclerosis and immune functions (Kinsella,
1986). Oxidation products of the n-3 fatty acids
appear to modify the effects of the products of
the arachidonic acid (an n-6 fatty acid) cascade.
The principal n-3 fatty acids found in seafood are
eicosapentaenoic (C20:5) (EPA) and docosahexaenoie
(C22:6) (DHA) acids. Fatty acids are unstable
because of their 1:4 conjugated diene systems.
DHA has five of these systems while EPA has four.
Thus, they are extremely suscepible to oxidation.
Hydrogen is extracted from the conjugated system
forming a free radical which reacts readily with
molecular oxygen. This peroxy free radical can
extract hydrogen from another fatty acid
propagating the chain reaction while forming a
lipid hydroperoxide.  The latter are unstable and
will break down producing off-odors and flavors.

Due to the high degree of unsaturation of the fish
n-3 fatty acids, they have not made convenient
model systems. Thus, insufficient information is
available about the rates of deterioration and
mechanisms of oxidation occurring in fish lipids
in bulk. The situation in fish muscle tissue is
even worge because of the location and structural
arrangement of lipids in biological tissue, the
large number of prooxidants and antioxidants in
the tissue, and the great complexity of all of
thegse interacting factors. To utilize oxygen,
biological tissues have a large number of systems
for activating molecular oxygen to participate in
necessary reactions in the cell. That
uncontrolled oxidation can sometimes be a problem
is indicated by the extensive antioxidant systems
present in the same tissue. It is perhaps not
unreasonable to consider 1lipid oxidation as a
process waiting to happen with a small change in
the balance of very strong prooxidative and
antioxidative forces. Some of the problems
related to this have been recently discussed
(Hultin, 1988).

Oxidation of fish 1lipids is important from two
points of view. Due to their nutritional
significance, loss of substantial quantities of
n—3 fatty acids would have a detrimental effect on
the nutritional quality of seafoods. We have
found, however, that in a number of normal
processing operations as may be practiced both



commercially and in the home, chemical loss due to
oxidation of the n-3 fatty acids is not a
significant nutritional problem (Xing et al.,
1988). However, wherever heat is used, as in cook-
ing or canning, there is a rendering of lipid and
a concomitant loss of the n-3 fatty acids. This
physical loss of n-3 fatty acids was substantial,
and in a number of different thermal processes
ranged from 30-50 per cent of the total. The loss
is dependent on temperature, size and shape of the
portion, and fat content, among other variables,
Improved methods of heating may reduce this loss.

Although it may not cause a significant
nutritional loss, oxidation of the n-3 fatty acids
is important from the standpoint of development of
off-flavor. The off-flavor components are
detectable by the human nose at very low levels,
Thus, off-flavor changes can occur even when there
is only a very small loss in these unsaturated
fatty acids. Progress has been made in
understanding the nature of lipid oxidation as it
occurs in fish muscle tissue. Transition metals,
especially iron, in the presence of molecular
oxygen are primary causes for the changes
observed. These transition metals may be
complexed to small molecular weight components of
the muscle tissue, such as amino acids and
nucleotides, or may be associated with proteins,
either those containing hemes such as myoglobin
and hemoglobin or as yet unidentified nonheme
proteins. The presence of compounds which can
reduce or oxlidize the iron are also critical
factors. Some success has been achieved in
developing antioxidant systems to suppress some of
these changes, but the number of prooxidants is
large and at times competing factors are
operative. For example, ascorbate activates ionic
iron but is an inhibitor of the iron associated
with heme proteins. Ascorbate levels in muscle
decrease with postmortem age. This may play a
role in changing the active prooxidant from ionic
to heme iron. Many cellular membranes. contain
prooxidants or are capable of reducing molecular
oxygen to superoxide or hydrogen peroxide,
Superoxide or hydrogen peroxide can interact with
iron to produce the -hydroxy free radical which is
capable of initiating lipid oxidation. Mincing,
grinding or other mechanical disruption of the
muscle tissue greatly accelerates oxidative
reactions by providing more molecular oxygen as
well as distributing the prooxidant systems more
widely in the tissue. Antioxidant systems of the
cell may also lose their potency during postmortem
aging of the muscle tissue. A major challenge of
the future is to control these changes to allow
the most poorly utilized of our ocean species,
fatty fish, such as Atlantic mackerel, herring,
and especially the menhaden, to be used directly
as human foods.

Another challenge facing the food scientist is to
duplicate what has been done in the soy bean
industry, namely, the extraction of lipid from
fish, especially those with a high content, and
incorporation of the extracted lipids into a
variety of nonfishery products. It will be
absolutely essential to control 1lipid oxidation
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and its accompanying off-flavors for this to be
successful. Unfortunately, it appears that
extracted lipids are less stable to oxidation than
the same lipids when present in fish tissue.

ENZYMES

Fish are poikilothermic organisms. Most
compercial species are from waters of low
temperature. Due to their low temperature
environment, fish have enyzmes which function well
at low temperatures. This makes storage problems
of fish muscle tissue different from those of
warm-blooded land mammals and birds.
Refrigeration of the latter would be expected to
slow enzymic reactions normally occurring, whereas
typical refrigeration temperatures are very
similar to the normal body temperature of a fish.
It should not be surprising that fish undergo
autolytic degradation at a much faster rate than
does the muscle tissue of warm—blooded animals at
low (refrigerated) temperatures. These properties
of fish enzymes have often not been given proper
consideration in the storage and handling of fish
muscle tissue.

Indeed, there is a lack of good, fundamental
information on the response of enzymes from fish
to temperature. This is of greatest consequence
with those enzymes which have important effects in
controlling postmortem properties of the muscle
tissue, i.e., those that control the breakdown of
nucleotides to produce hypoxanthine, cellular
proteases, glycolytic enzymes which control pH
changes and rigor, lipolytic enzymes, etc. We
have demonstrated that enzyme-catalyzed lipid
oxidation in membrane fractions of muscle tissue
is much more rapid in fish than in birds and
mammals. In fact, the lipid peroxidation system
of the sarcoplasmic reticulum of fish catalyzes a
rapid reaction at temperatures as low as -20°C
(Apgar and Hultin, 1982). Obviously, more
information is required in this area to prolong
top quality in fish products.

On the other hand, enzymes from marine organisms
offer unique properties which potentially have use
in commercial operations. Enzymes that have been
adapted to function at low temperature may differ
from similar enyzmes from warm-blooded animals in
a variety of their properties including the
Michaelis constant, molecular activity, activation
energy, stability to low and high temperatures,
and specificity (Hultin, 1980). It is possible
that enzymes could be recovered from what 1s now a
low value material which could have interesting
advantages in commercial processes. For example,
the enzymes may be better equipped to carry out a
reaction at low temperatures. This could be
important in having a process that restricts
microbial growth and prevents chemical side
reactions from occurring. Enzymes with lower
Michaelis constants at low temperatures could
function more efficiently in processes where
substrate concentration was limited due to
solubility problems or cost of the substrate.
Lower thermal stability of these enzymes could be
important in eliminating them after their function



has been carried out, that is, they could be
destroyed at a lower temperature causing fewer
side reactions than comparable enzymes from warm—
blooded animals.

A current theory suggests that enzymes from low
temperature environments have greater flexibility

in their structure which allows them to function .

in an environment of low thermal energy (Low and
Somero, 1974)., It is this greater flexibility
which also makes them more susceptible to
denaturation. This greater flexibility may be
reflected in broader substrate specificities of
the enzymes. We have studied in detail
specificity against a variety of proteins of a
chymotrypsin prepared from the dogfish (Sgualus
acanthias) and compared the results with those
obtained with the bovine enzyme (Ramakrishna et
al., 1987). The fish enzyme was able to hydrolyze
a greater number of bonds in a number of protein
substrates, usually at a considerably faster rate.
It was observed that dogfish chymotrypsin could
even hydrolyze about 10 per cent of the peptide
bonds of corn gluten, a substrate almost
completely resistant to the action of the bovine
enzyme. In testing for possible use in cheese
making, it was observed that the clot formed more
slowly in milk treated with the fish enzyme but
had a much longer life than the similar one formed
by the bovine enzyme. Even though the fish enzyme
hydrolyzed more bonds in the casein molecule, the
specific sites of hydrolysis must have been
different and allowed the clot to remain formed
for a long period of time. Although these data
are interesting, they only scratch the surface of
the potential for a wide variety of enzymes that
exist in marine organisms and may have unique
properties.

SUMMARY

The major nutrients of fish are its proteins and
lipids. The primary challenge of food science is
to maintain the quality of the product so that the
consumer wishes to consume these high quality
nutrients. This is true whether the fish is
consumed directly, restructured as in a fish gel,
or the components are used as ingredients for non-
fish based products. The unique properties of
fish muscle as food -are due to the nature of the
animal and its habitat. These are the reasons for
the instability of protein to denaturation, the
highly unsaturated nature of the lipids with the
concomitant susceptibility to chemical oxidation,
the low content of collagen, high concentrations
of some osmolytes in the cytosolic fraction, and
the high activity of fish enzymes at low tempera-
tures. Too often, the assumption is made that fish
muscle tissue is very similar postmortem to that
of land animals and birds. Although in terms of
fundamental physiological functions, there is a
lot of truth in this, the behavior of the tissue
as a food during storage and processing is, in
fact, quite different., In the future, it is going
to be necessary for researchers to learn more
about the nature and chemistry of fish muscle
tissue, understand the changes they undergo during
storage and processing, build a broader and more
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and develop better means of
preventing quality changes. In the past, efforts
have not been made with fishery produects
comparable to what has occurred with red meats and
poultry. To fully utilize this excellent
nutritional source, greater efforts must be made.

detailed data base,
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ABSTRACT

Use of recirculating shedding systems in the
soft-shell blue c¢rab industry continues to
increase as the capabillities of existing in-shore
production facilities expand. This industry
significantly contributes to the value of the
near-shore fishery. Recent advancements in water
treatment capabilities have been based on
fluidized bed and upflow sand filters to support
growth of desirable waste-consuming bacteria and
to remove solids. The filters' superior treat-
ment capabilities permit a reduction in system
construction costs while reducing mortalities
resulting from water quality degradation. System
designs, however, are complicated by the specific
hydraulic requirements of the filter beds. A
micro-computer program has been written for the
Louisiana Sea Grant College Program to assist
crab fishermen with sizing filters, reducing flow
requirements, and selecting pumps. The distribu=-
tion of the software is expected to accelerate
the adoption of this new filter technology and
strengthen the blue crab shedding industry.

INTRODUCTION

The blue crab (Callinectes sapidus), like all
crustaceans, derives its body shape from a shell
(exoskeleton) which completely encases and
protects the vital organs and muscle tissues.
Periodically, immature crabs undergo ecdysis (or
molting) by which the old shell is replaced.
During this growth process, the crab expands the
new inner shell while dissolving and cracking the
old shell until it can work itself free. For a
few hours after ecdysis, the new exoskeleton is
soft. Crabs captured in this condition are
commonly known as "soft-shell" crabs. Commercial
production of this seafood delicacy depends omn
capturing crabs that approach ecdysis, keeping
these animals healthy until they molt, and
harvesting them before their shell hardens.

The holding and shedding of crabs has tradi-
tionally been accomplished by pumping water, in
which the animals naturally live, into a holding
facility and discharging the wastewater back into
the body of water from which it was taken. This
method of shedding, known as a flow-through
system, succeeds only when the water source is
consistently of acceptable quality and tempera-
ture to facilitate the high loading density in

the crab holding trays. The most common examples
include saltwater facilities located in, or near,
brackish bays and estuaries., Unfortunately, not
every crab shedding facility can be located near
a suitable water source. As an alternative,
recirculating systems are often employed. These

- gystems typically reuse the same water throughout

the season replacing only evaporation losses.
Water quality is maintained by using filtration
components which break down the nitrogenous crab
wastes, thus maintaining a suitable environment
for the organisms, Without mechanical and
biological filtration, the water in a recircu-
lating system would soon become toxic to the
crabs, resulting in high mortalities. Therefore,
the quality of the environment supporting these
organisms is most important when considering the
economic viability of a crab shedding system.

BACKGROUND
Qverview

A Sea Grant research project at Louisiana State
University, initiated in 1982, found that the
major threat to crabs in a recirculating system
was toxicity due to nitrite (6). This knowledge
permitted rational design of low-rate biological
filters (submerged rock filters) for nitrifica-
tion of the system water. Following further
research and development, interim design criteria
were released for commercial producers of soft-
shell crabs (5).

Because these filters' have limited support
capacity in relation to their size, and have a
tendency to clog, research efforts were directed
toward developing and testing high-rate biologi-
cal filters, prineipally the fluidized bed and
the upflow sand filters (2). These filters were
much smaller and more efficient than the sub-
merged .rock filters, and, therefore, effort
concentrated on developing design ecriteria for
these new filters (3,4).

High rate filter design is complex. Commercial
operators found the hydraulic requirements
difficult to master, leading to many poorly
designed filters 1in early facilities. Conse-
quently, a computer program, OPTIMUM, developed
to assist research, was modified for industrial

~application. This software is to be distributed

through the Sea Grant Marine Advisory Service
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network to promote the new filter technology and
accelerate its implementation in the blue crab
shedding industry.

Recirculating Systems

Recirculating systems typically reuse the same
water throughout the shedding season. These
systems reduce the costs associated with water
acquisition and heating while providing complete
control over water quality. Components of a
typical recirculating system (Figure 1) include
holding trays, screens, a reservoir, a sump,
pumps, and fllters. A brief discussion of each
component is presented below.

Screens are used to remove large solids that may
damage the pump or otherwise degrade water
quality. The reservoir provides a large volume
of water which buffers the system while the sump
serves as a colicction point for the recircu-
lating water. An additional pump is recommended
to expand (or clean) the upflow sand filter, as
well as providing backup in case of pump failure.
Water quality control is provided by employing a
filter system which treats crab wastes.

Ammonia is the most critical type of metabolic
wastes produced by the crabs. With the aid of
biological filtration, ammonia can be removed.
Two specific types of bacteria, Nitrosomonas and
Nitrobacter, are cultivated in the biological
filter. The former converts ammonia to another
toxic compound known as nitrite while the latter
converts nitrite to relatively non-toxic nitrate
(1,7). This series of events is known as nitri-
fication.

WASH WATER
/
Ve
7 UPFLOW
SAND FILTER(S}
MAKE-UP WATER
;
7/
/
ya
Sump
-—
RESERVOIR
Figure 1, System 2: Parallel operation of up-

flow sand and pressurized fluidized bed filters.
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Two types of filters modeled by OPTIMUM include
the fluidized bed and upflow sand filters
(Figure 2). A fluidized bed 1is an attached-
growth microbial filter in which bacteria grow in
a film on the surface of sand grains. The filter
medium consists of 8/16 (1.2-2.4 mm) filter sand,
which provides a large specific surface area for
the bacterial growth. The bacteria consume the
crab wastes and convert ammonia to nitrate.

The fluidized bed filter operates in a continuous
upward stream of water. The drag caused by the
water's upward velocity expands the filter bed,
keeping the sand particles i1in suspension.
Because of the continuous fluidization of the
filter bed, the filter will not capture solid
wastes, and thus must be accompanied by a solids
removal system. Collisions of the sand particles
abrade bacterial growth, which is flushed out by
the upflowing water. Consequently, the filter
never clogs.

In the second filter, the upflow sand filter, the
media remains packed during normal operation.
The packed sand traps solids as the water flows
upward through the filter. The filter is cleaned
daily by increasing the flowrate through the
filter, expanding the sand bed, and diverting the
cloudy, solids rich effluent to a drain 1line.
Once the solids are removed, the filter resumes
normal operation.

Although the sand in this filter is not fluidized
except during the cleaning cycle, 1t provides
sufficient surface area for nitrifying bacteria
growth. Thus, the upflow sand filter can serve
the dual function of solids removal and crab

(:i‘“‘——iz}£&£ﬂfLOVV
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Figure 2. Simplified view of an unpressurized
fixed film nitrification filter bed.



wastes reduction. Therefore, the wupflow sand
filter can be used alone or in combination with
the fluidized bed.

Interim design criteria for fluidized bed and
upflow sand filters were recently released by
Malone and Burden (3) for commercial soft-shell
blue crab producers. A summary of these cri-
teria, used in developing OPTIMUM, is presented
in Table 1, Summarizing, the surface area
requirement for trays with a five-inch water
depth 1is 0.16 ft?/crab while the volumetric
requirement of the system is one gallon per crab.
The sand volume in the filters, 0,00067 ft3/crab,
is based on a 15-inch media depth. Flowrates are
dictated by the cross-sectional area of each
filter. Normal operation of the fluidized bed
and expansion of the upflow sand filter requires
a flowrate of 65 gpm/ft2?, based on using 8/16
filter sand. Normal operational flowrate for the
upflow sand filter (no expansion) equals 10
gpm/ft?. Tray flowrates are based on a flushing
requirement of 0.015 gallons per minute per crab,

COMPUTER MODEL

The program OPTIMUM was developed by the authors
as a research toocl to aid in designing fluidized
bed and upflow sand filters and was modified to
assist in technology transfer to the industry.
The program is currently equipped to handle unfed
crab and fed erawfish reeireculating shedding
systems.

Three system configurations (filter combinations)
are supported by the computer model (Figures 1,
3, and 4). System sizing is based on the desired
amount of animals (in pounds) to be held in the
system., Filters are designed to be compatible
with the pumps for a given system configuration
while meeting secondary objectives such as energy
conservation and/or ease of operation. A brief
discussion of each system configuration followed
by a description of the program 1is presented
below. Table 2 presents the advantages and dis-—
advantages of each configuration.

System 1: Upflow Sand Filters with a Combined
Sump /Reservoir (Figure 3). The unpressurized
upflow sand filter serves the dual purpose of
solids removal and nitrification while providing
filter media access for inspection and main-
tenance.

Only one pump is necessary, but a backup/expan-
sion pump is recommended. The circulation pump
supplies water to the trays and the filter at
normal flow, while the backup pump is used to
boost the flowrate to the upflow sand filter for
cleaning. This two pump system economically
reduces power requirements by reducing the size
of the pump which must be operated continuously.

System 2: Parallel Operation of Upflow Sand and
Pressurized TFluidized Bed Filters (Figure 1).
This system configuration optimizes pump use,
thus reducing continuous pumping costs. The
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system includes a pressurized fluidized bed
filter for high-rate waste reduction coupled with
an upflow sand filter for solids removal. This
configuration takes advantage of the low head
loss through the fluidized bed by placing the
filter in series with the water line supplying
the holding trays. The upflow sand filter can be
pressurized or unpressurized and i1s operated in
parallel with the fluidized bed. Only one pump
is required for this system, but a second pump
for expansion and backup is recommended.

System 3: Parallel Operation of Fluidized Bed
and Upflow Sand Filters (Figure 4)., System 3
congists of three parallel flow loops. One loop

another to
and the last to the upflow

flushes water to the holding trays,
the fluidized bed,
sand filters,

Filters used with this configuration include the
unpressurized fluidized bed and wupflow sand
filters., The open top on these filters allows
access to the filter media for routine main-
tenance and inspection. The fluidized bed filter
returns the treated water to the sump for tray
distribution, while only the upflow sand filters
return water to the reservoir--thus keeping the
reservolr free of solids., A two-pump system is
also recommended for this configuration to reduce
continuous pumping costs.

The program OPTIMUM begins by prompting the user
for the species and number of pounds to be
supported by the facility and the filter shape
desired (square or round). The program then
graphically displays each system configuration
supported and prompts the user to select the one
to be analyzed, Once a system configuration is
selected, OPTIMUM calculates the filter dimen-
sions, the number of filters required, and the
required pump flowrates. A generalized £flow
diagram for program OPTIMUM 1s shown in Figure 5
and a sample output is presented in Table 3.

Experimental prototype filters were designed
using an early version of OPTIMUM. Following the
success of these filters, 15-20 commercial faci-
lities in southern Louisiana and Mississippi were
designed with the aid of OPTIMUM and have
operated successfully since 1986. Custom design
of shedding systems 1s facilitated by this
program because OPTIMUM allows the user to make
as many changes as desired while instantaneously
producing design recommendations. OPTIMUM was
written in Turbo Pascal version 4.0 and will be
available for IBM compatible micro-computers
using DOS version 3.0 and later through the Sea
Grant Marine Advisory Service network. Copies of
program OPTIMUM will be obtainable from local
marine extension service agents.
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Table 1

Summary of Interim Design Criteria for Blue Crab Shedding

Systems Employing Sand Filtration

Parameter Value Comment

Tray Area 0.16 ftZ/crab Normal loading demsity for trays
Water Depth 5 inches Recommended water depth in trays
Sand Size 1.2-2.4 m Diameter of 8/16 filter sand

Bed Depth 15 inches Assumed bed depth in sand filters

Sand Volume

Total Volume

0.00067 ft?/crab

1 gallon/crab

At least 507 of sand volume must be in upflow sand filter

Total of operational volume of all components

Flowrates 0.015 gpm/crab Minimum flowrate to trays

65 gpm/ft? Normal operational flowrate for fluidized bed

10 gpm/ft? Normal operational flowrate to upflow sand filter

65 gpm/ft? Expansion flowrate for upflow sand filter

Table 2
Advantages and Disadvantages of Each Recirculating System
System Advantages Disadvantages

System 1: Upflow Sand Fillters. High solids processing capabilities Limited carrying capacity

with a Combined Sump/Reservoir

System 2: Parallel Operation
of Upflow Sand and Pressurized
Fluidized Bed Filters

System 3: Parallel Operation
of Fluidized Bed and Upflow
Sand Filters

Uses small recirculating pump

Filters are accessible

Low continuous pumping requirements
High animal loading capacity
Filters are accessible for cleaning
and inspection

High animal loading capacity

Large expansion pump required

High construction cost for
pressurized fluidized bed

Moderate energy cost
associated with large
recirculating flows
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Figure 3. System 1: Upflow sand filters with a Figure 4. System 3: Parallel operation of a

combined sump/reservoir. fluidized bed and upflow sand filters.

Table 3

Sample Output from OPTIMUM

Type of System: Unfed Blue Crab Shedding System

Actual Total Capacity: 1069 pounds
Filter Media Grain Size: 8/16 sieve analysis
Depth of Media: 15 inches
System Configuration: Parallel Pressurized Fluidized Bed and Upflow Sand Filter
FILTER SPECIFICATIONS:
Number & Type of Filters: 1-Pressurized Fluidized Bed Filter
Shape of Filters: Cylindrical Filter
Diameter: 14 inchesg
Number & Type of Filters: 2-Unpressurized Upflow Sand Filters
Shape of Filters: Cylindrical Filter
Diameter: 14 inches

Required Output from Pump: 80.00 gallons per minute
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ABSTRACT]

The response of an ammonia gas sensing
electrode was measured automatically via a
simple FET (field effect transistor) operational
amplifier (op-amp) circuit, a data acquisition
and controls system (Cyborg ISAAC 20002), and an
IBM-PC. It is possible to measure the chemical
concentrations of various solutions faster and
more conveniently using the system described
than by using conventicnal methods that involve
a2 pH/digital voltmeter. This system permits
development of automated ammonia concentration
control, a particularly valuable attribute in
recirculating aquaculture systems.

1. INTRODUCTION

Automated Water Quality Measurement
and Control

The ability to reliably, and automatically
measure and control water quality parameters such
as temperature, pH, and dissolved oxygen, nitrite,
nitrate and ammonia (NH3) concentrations are
attractive prospects to operators of recirculating
aquaculture systems. In industry, automation
would reduce labor requirements and allow more
efficient system management. This system could
eventually lead to higher productivity at lower
costs. In research, automation allows certain
studies to be performed faster with better
repeatibility, and allows experiments to be
conducted that would otherwise be impossible with
manual methods.

There are two main approaches to automated
water quality control. One approach is to design
individual control systems for each unit operation,

Iscientific Article Number A4825 Contribution
Number 7851 of the Maryland Agricultural
Experiment Station. Partial funding for this
project was provided by the Maryland Sea Grant
Program and the Maryland Agricultural Experiment
Station.

2Use of trade names is for clarity only and does

ot 1mR5y endorsement by the Universi%y of
aryland. -

CH2585-8/88/0000- 76

which requires many seqarate microprocessors. The
The other is to control all of the unit operations

from one central processor (e.g. a personal
computer). The latter approach is taken in the
research system described in this paper. Many
different ion or gas sensing electrodes, tempera-
ture sensors, flowmeters, etc. can be connected to
the same computer through a single data acquisi-
tion device (i.e. an analog to digital (A/D)
converter) so that the data is easily stored and
ready for processing. This approach avoids the
need for excessive data handling and the use of
many different meters, manually switched
multiplexers, recorders, etc.

The personal computer (PC) possesses useful
features that provide a good basis for a central
control processor. Two of these features are the
graphics and audio functions that provide the user
with valuable tools for analyzing information.
For instance, a graph of multiple interrelated
inputs (raw and/or processed) can be displayed
concurrently in real time. This is far more in-
formative than separate displays from digital
millivolt (mV) meters. Also, graphics and audio
functions can signal the execution of certain
procedures, or alert an operator to unfavorable
conditions. The decision making feature of the
PC forms the basis of a feedback and control
system, The PC can compare sensor inputs to pre-
determined selected levels and signal for an
appropriate compensating action, such as opening
a valve to add a chemical.

Unfortunately, computer measurement and con-
trol of water quality is not as straightforward as
it may first appear. Many problems in automation
involve sensors. Interfacing sensors with the
computer, sensing element limitations, and other
problems must be considered before reliable com-
puter based monitoring and control of water quality
will become a reality. Such problems are illustra-
ted in this paper using the automated measurement
of ammonia as an example.

Automated Ammonia Measurement Using an
Ammonia Gas Sensing Electrode

Ammonia gas sensing electrodes are convenient
to use but have several limitations. They exhibit

high internal resistance, tend to drift quite
rapidly over time, are siow to stabilize in low

ammonia concentration solutions and have a Timited
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Tife.

High Internal Resistance. Like thermo-
couples, gas and jon sensing electrodes produce
Tow level electrical signals of anly a few mV.
However, unlike thermocouples which have a fairly
low internal resistance, the gas and ion sensing
electrodes have very high internal resistances.
For this reason, these electrodes require special
measurement devices that have a very high input
impedance (see Appendix section Impedance
Mismatch Problem). Few, if any A/D converters
{needed to interface external analog inputs to a
computer) have a high enough input impedance for
direct connection of the electrodes. Therefore,
an interface is needed. Currently, pH/ISE (ion
selective electrode) meters are used for measuring
signals from these electrodes. However, these
meters are expensive and are designed so that only
one electrode can be connected to the meter at a
time. There are manually operated electrode
switchboxes that simultaneously connect up to 7
electrodes with a pH/ISE meter; however, they are
of no use in a computer automated system. An
inexpensive, high input impedance FET op-amp
circuit is presented as an alternative interface.
between the electrode and the A/D converter.

This c¢ircuit can also be used in other applica-
tions to interface ion and gas sensing electrodes
directly to recorders.

Drift. Because of drift, the ammonia
electrode must be calibrated hourly to obtain the
most reproducible electrode measurements (+/-2
percent)(Orion, 1986). An automated calibration
procedure is presented that allows hourly
calibration of the ammonia sensing electrode.

Stabilization Time. The faster a measure-
ment can be made, the faster .a control response
can be implemented which can provide a more
stable control. Likewise, fast measurements
permit many variables or systems to be monitored
by the same computer, thus reducing cost. Before
a reading can be taken, the ammonia sensing
electrodes must be allowed to stabilize after
first being immersed in a new ammonia solution.
The lower the ammonia concentration, the longer
the electrode takes to stabilize (5 to 10 minutes
for concentrations below 4 X 10-6 M ammonia
(Orion, 1986)). An unsuccessful attempt to
predict the stable ammonia electrode response in
a shorter time is presented.

2. EQUIPMENT AND PROCEDURES

Experimental Configuration

Figure 1 illustrates the overall experimental
configuration. An Orion (Cambridge, MA) ammonia
gas sensing electrode (Model 95-12) was mounted
in a sample chamber of clear, acrylic plastic
pipe with a volume of about 500 ml. The electrode
was connected to a high input impedance amplifier
circuit via a shielded coaxial cable. The
amplifier was then connected to a Cyborg {Newton,
MA} I-140 analog input card through a Cyborg
I-160 card, a 16 channel myltiplexer. The I-140
amplified the mV signal to +/-5 volts, which was
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then transmitted to a Cyborg ISAAC 2000 I-130

card where the A/D conversion took place. Cali-

bration of the system provided the following

Zslgtionship for digital numbers between 0 and
95:

Digital number = 2022.43 + 15.335 (mV)

A digital number of 0 corresponds to approximately
-132 mV and 4095 corresponds to approximately 135
mV. Thus, each integer increment respresents
0.065 mV; or, approximately 15 digital values
represent 1 mV. The digital value sent by the
I-130 card was read intoc an IBM-PC by a BASICA
program statement.

Liquid flow in the system is controlled by
solenoid valves and electrically actuated ball
valves. Each valve shown in Figure 1 is con-
nected to a separate channel of the relay unit.
The relay unit contains 16 solid state relays
corresponding to 16 channels. These can be
switched on or off from the IBM-PC through an
1-120 binary output card which is mounted in the
ISAAC and connected to the 16 relays through a
cable. Any relay or combination of relays can
be turned on by sending a command to the I-120
card through a BASICA program statement. When a
relay is switched on, 120 VAC is delivered to a
set of three. sockets, thus powering the valve(s)
plugged into the socket(s). When a relay is
switched off, the 120 VAC is no longer delivered
to the sockets. Each solid state relay has a
maximum current rating of 3 A which is sufficient
for the valves in this system.

Calibration Procedure

The following four NH4CI standard solutions
were prepared by mixing measured amounts of
NH4CI with distilled water to produce 25 L of
each solution:

Standard 1 - 5.88 X 10-5 mol/L {1.0 mg NH3/L)

Standard 2 - 4.12 X 10-4 mol/L (7.0 mg NH3/L)
- Standard 3 - 4.70 X 10-4 mol/L (8.0 mg NH3/L)

Standard 4 - 5.88 X 10~4 mol/L (10.0 mg NHz/L)

These were placed. inthe four tanks as shown
in Figure 1. A 10'M NaOH solution was placed in
another: tank beside the standards. A computer
program was written to perform the following
procedures automatically:

1. The tap water solenoid valve was opened
and the sample chamber flushed for about
1T minute with water. After flushing,
the valve was closed and the chamber
allowed to drain.

2. The sample chamber was flushed with 500
ml of standard 1 by opening the standard
1 solenoid valve, B.

3. The ball valve below the sample chamber
was closed.

4. The NaOH solenoid valve, A, was opened
to allow at least 5 m] to flow by .



gravity to the sample chamber, then it
was closed.

5. The standard 1 solenoid valve, B, was
opened and approximately 500 mL flowed by
gravity to the sample chamber where it
mixed with the NaOH. The purpose of
adding the NaOH was to raise the pH of
the sample to above 11, thereby con-
verting the NH4+ ions in the standard to
NH3 gas which is measured by the
electrode.

6. The electrode response as a function of
time was recorded for up to 6.6 minutes.
Trial tests indicated that with a new
electrode, this provided sufficient
stabilization time to produce readings
with less than 4 percent error for con-
centrations between 1.0 and 8.0 mg
NH3/L.

7. The ball valve below the sample chamber
was opened and the sample discharged.

8. Steps 1-7 were repeated for each of
the remaining NH4Cl standards.

Analytical Procedures

Calibration Equations. When the electrode
was initially immersed in a sample solution, a
waiting time was required before stable readings
were possible (see Figure 2). The lower the
solution concentration, the longer the stabili-
zation time interval. Normally, when pH/ISE
meters are used, the stable electrode reading
(read as mV) is recorded at three different
standard concentrations. Since mV verses log
ammonia concentration is Tinear in the range of
about 0.1 to 1000 mg NH3/L (Orion, 1986), a
calibration curve of mV verses log ammenia con-
centration may be calculated using linear
regression. Similarly, using the computer,
linear regression was used to calculate a cali-
bration curve of digital number (linearly
proportional to the mV output of the electrode)
versus the log of the ammonia concentration using
the stable readings for three ammonia standards:
1.0, 7.0, and 10.0 mg NH3/L. A reading taken at
6.6 minutes was considered stable.

‘Error Estimate. The fourth standard solu-
tion (8.0 mg NH3/L), bracketed in concentration
by the other three standards, was treated as an
‘unknown' in order to estimate the error of. the
calibration relationship. This was done by
comparing the actual concentration of the
‘unknown' to the concentration predicted by the
calibration equation at 6.6 minutes.

In order to observe the errors expected if
readings were taken before the stabilization’
time, two additional calibration equations were
calculated, one for the readings obtained at 2.2
minutes and the other at 4.4 minutes for the same
three standards. Again, each eguation's error

was estimated by comgaring the actual concentra~
tion of the fourth standard to the concentration

78

predicted by the equation.

Tables 1 and 2 give an example summarizing
this procedure using the readings obtained during
one calibration trial. Regression equation's in
Table 1 were used to predict the 'unknown' con-
centration from the observed digital number of
the 'unknown' as illustrated in Table 2.

Table 1. Digital numbers observed at three times
for three different ammonia standards
and the calculated calibration equation.

) Ammonia
Time Concentration (C) Regression Equation
(min) (mg NH3/L) Digital # = A+B (1n C)
1.0 7.0 10.0 A B RZ
2.2 889 242 126 890 -339 .9990
4.4 1032 336 219 1032 -361 .9997
6.6 1021 354 252 1021  -344  .9999
Table 2. Estimated calibration error.
Observed Predicted
Concentra- Concentra-
Time Observed tion tion
(min) Digital # (mg NH3/L) (mg NH3/L} % error
2.2 172 8.0 8.30 3.5
4.4 273 . 8.0 8.20 .9
6.6 303 8.0 8.05 0.7

Early Prediction of Stable Electrode Reading.
When the electrode was new, its response as a
function of. time appeared to be exponential (see
Figure 2). For this reason, an attempt was made
to predict the stable reading (i.e. the 6.6 minute
reading) by fitting to an exponential curve, data
taken between 2 and 4 minutes after electrode
immersion in each new solution.

The purpose for employing this technique was
to allow faster NH3 measurements while still main-
taining or possibly increasing the accuracy of the
measurement.

The exponential equation that was fit to the
data obtained when the electrode was new is of the
form: o

¢ = cp (1 - elK(E=t0d) (1)
where,

t = measurement time

to = the time at which the concentration
measured = 0

C = concentration measured at time t

Cf = actual concentration of solution

K = rate constant

Solving equation (1) (see Appendix section
Solution of the Exponential Equation) gives:




dc/dt = K Cf - K C (2)
Thus, plotting dC/dt verses C gives a straight
Tine, Figure 6, with C£(K) as the intercept and K
as the slope. dC/dt was numerically determined
from the raw data by using the slope between each
two consecutive readings and plotting this value
against the average concentration of the two
readings. Figure 7 illustrates how one such data
pair was obtained. A straight line was fit to
these data pajrs by the method of least squares
in order to determine Cf, the predicted final
concentration, and K.

A measure of deviation of the data from the
fitted curve was calculated for 1.5 minute time
intervals with 45 readings each as follows:

D = (x (Yobs - Ypred)2) )1/2 (3)
where, |
Yobs = Observed Digital Number at time t
Ypred = Digital Number Predicted from equation
D= Séviation: the smaller the D, the

better the curve fits the data.

3. RESULTS AND DISCUSSION
Impedance Matching

The amplifier circuit shown in detail in
Figure 8 provides the high input impedance re-
quired for measuring a small voltage produced by
an electrode with a high internal resistance.

Electrode Accuracy

Tables 3 through 5 contain the results of
three sets of calibrations. The percentage error
shown was calculated as described previously.
Figures 2, 4 and 5 show a typical set of response
curves obtained from each calibration set. The
four. curves on each graph represent the electrode
response at four different NH3 concentrations:
1.0, 7.0, 8.0, and 10.0 mg NH3/L.

Electrode Aging Affects. Figures 2 through
4 illustrate the observed electrode response as
the electrode ages. It appears that initially,
the electrode response over time after immersion
in a solution is exponential as seen in Figure 2.

After months of use, however, this response tends -

to flatten out more quickly after immersion as
seen in Figures 3 and 4. It would seem reason-
able to assume that when the response flattens
out more quickly, indicating that the electrode
stabilizes more quickly, that more accurate
readings could be taken sooner. However, this is
not necessarily the case as can be seen by com-
paring Table 3 and Figure 2 to Table 4 and Figure
4. It is true that at 2.2 minutes the 2-month
old electrode gave less maximum error (7.7%) and
standard deviagion (1.5%) than the new electrode
(10.2% and 2.35%, respectively). However, at 6.6

minutes, the 2-month old electrode gave roughly
twice the maximum error and about 1.5 times the

standard deviation of the newe]ectrode. A]gq,the
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Table 3. Results of automated NH3 electrode
' calibrations - New Electrode.

% ERROR ESTIMATED

Calibration 2.2 min. 4.4 min. 6.6 min.
1 3.45 1.92 0.71
2 6.13 1.96 0.28
3 3.28 1.70 0.13
4 7.17 3.19 1.17
5 0.84 0.89 0.34
6 5.28 2.65 1.50
7 5.24 1.29 0.67
8 6.67 4,30 2.58
9 2.14 0.45 1.11
10 5.79 2.11 0.19
11 10.16 4.59 3.95
12 6.65 4,30 3.66
13 8.55 3.05 2.17
14 5.93 1.50 0.67
15 7.13 4,40 3.50
16 6.88 2.86 2.13
17 3.24 0.80 0.40
18 4,20 2.30 0.88
19 1.19 0.37 1.33
20 4.66 1.35 0.03
21 6.44 2.04 0.25
" Maximum error
observed 10.16 4.59 3.95
Mean % error 5.29 2.29 1.32
Range 9.32 4,22 3.76
Standard Deviation 2.35 1.31 1.23

Table 4. Results of automated NH3 electrode
calibrations - 2 month old electrode

before cleaning.

: % ERROR ESTIMATED
Calibration 2.2 min. 4.4 min. 6.6 min.

1 3.50 2.40 0.35
2 3.80 3.90 3.70
3 7.03 6.36 5.07
4 4.34 6.17 4.83
5 7.20 7.04 7.03
6 4,33 5.62 4.90
7 4,22 4.06 5.03
8 6.40 - 7.10 7.40
9 5.30 5.90 6.40
10 5.70 5.90 6.40
1 7.70 7.90 6.50
12 7.06 7.90 8.10
Maximum error
observed 7.7 7.9 8.1
Mean % error 5.55 5.85 5.48
Range 4.2 5.5 7.8
Standard Deviation 1.50 1.67 2.05

mean error of the new electrode was always less
than the mean error of the 2-month old electrode
before cleaning. After the 2-month old electrode
inner body was cleaned according to the procedures



Table 5. Results of automated NH3 electrode
calibrations - 2 month old after
cleaning.

% ERROR ESTIMATED
Calibration 2.2 min. 4.4 min. 6.6 min.

1 74 2.10 0.80
2 1.98 1.69 1.13
3 2.67 2.10 1.94
4 1.24 0.76 1.82
5 2.16 1.50 0.99 -
6 2.60 1.60 3.30
7 2.60 1.40 1.80
8 2.30 1.80 1.07
9 2.12 2.40 1.25
10 3.60 8.88 3.50
1 0.83 0.21 2.88
12 0.43 .33 0.41
13 3.85 4.30 0.88
14 2.18 1.58 4.12
15 3.50. 2.80 1.43 -
16 1.37 0.86 2.40
17 1.46 1.12 1.36
18 1.89 2.33 0.61
19 1.00 1.45 1.67
20 0.99 0.27 1.12
21 3.11 3.50 3.12
Maximum error
observed 3.85 8.88 4.12
Mean % error 2.03 2.05 1.79
Range 3.42 B.67 N
Standard Deviation 0.99 1.87 1.04

specified by the manufacturer (Orion, 1986), it
gave maximum error readings of 3.85% at 2.2
minutes as compared to 3.95% error at 6.6 minutes
for the new electrode. The mean errors of the
new electrode and the 2-month old cleaned

electrode after 4.4 minutes were comparable. This
indicates that the 2-month old electrode, after

cleaning, stabilizes more quickly than the new
electrode while giving comparable accuracies,
standard deviations and ranges. However, more
tests are needed to determine how often the
electrode must be cleaned to maintain good
accuracies, and how long the electrode will last
under these conditions.

Early Prediction of Stable Electrode Reading.
When the electrode was new (see Figure 2), it
exhibited an exporential increase in readings over
time and then approached a stable value. As can
be seen in Table 3, the accuracies achieved were
quite good if measurements were taken for 4.4
minutes or longer after immersion of the electrode
in the new solution., However, an attempt was made
to fit the data points between the time of 2 and 4
minutes to see if perhaps as good or better
accuracies could be achieved.in less time by cal-
culating new calibration curves using the
predicted stable value for each standard obtained
by fitting data to an exponential curve. The
objective was to fit data from a few 1.5 minute
intervals between 2 and 4 minutes (i.e. 2.0-3.5,
2.1-3.6,..., 2.5-4.0 min.) to exponential curves.

Then, the deviations of the data from the curve
would be calculated for each fit. The hope was
that the curve with the smallest deviation D would
best fit the overall curve as well. Unfortunately,
this was not the case. Figures 9 and 10 illus-
trate the problem. The electrode's response to
standard 1 (1.0 mg NH3/L) is shown in both Figures
9 and 10. This is the overall curve referred to
above. Figure 9 also shows the-exponential curve
obtained by fitting a piece of the overall curve,
the data acquired between 2 and 3.5 minutes, to an
exponential function. Likewise, Figure 10 in-
cludes the curve obtained by fitting the data
acquired between 2.2 and 3.7 minutes to an
exponential function. The deviations (D) calcu-
lated indicate the deviation of the data points
within the fitted time interval from the exponen-
tial curve to which they were fit. While the
curve in Figure 9 (D=1100) fits the overall data
better than the curve in Figure 10 (D=541), it
does not fit data in the fitted interval as well,
as is indicated by the higher deviation, D. Since,
of course, in practice, the overall data is not
available because the objective is to use data
obtained in Tess time to predict the future
response, it remains to be seen how to find the
interval which provides the best overall fit that
could, in turn, be used to predict the final
stable value.

4, CONCLUSIONS

Computer automation and calibration of an
NH3 sensing electrode that allows measurements
with less than 4.2 percent error is possible in
relatively interference free, fresh water samples.
This system allows for automatic calibration to
be performed hourly (necessary to obtain the best
accuracies) and for the development of NH3
controls. For instance, water from a tank con-
taining NH3 can be pumped to the sampie chamber
for testing, and.the computer can then respond to
the condition of water by switching on a pump or
valve that would add.an appropriate amount of
compensating chemical.
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6. APPENDIX
Impedance Mismatch Problem

Figure 11 illustrates the impedance mismatch
problem. When the electrode, which has an

internal resistance of 200-600 megohms is con-
nected to the input of the I-140 card, which has

an input resistance of about 22 megohms (Schmidt,



1986), the voltage appearing across the I-140
card is:

= Ri_
V(1-140) = ( pfks)(ve) (4)
where,

Ve = Voltage produced by the electrode

Ri = Input impedance of the I-140 card

Re = Internal resistance of the electrode

If, for example, the electrode is producing a
50 mV signal, then:

22 Megohms
(50 mV)( 600 Megohms+22 Megohms)
50 mV (0.0354)
1.77 mV

V(1-140)

n

i}

Thus, the I-140 would only measure about 1.77 mV
even though the electrode's response is 50 mV.

An Analog Devices' AD545KH FET (Field Effect
Transistor) Og-Amp has an input impedance of
about 1 X 1013 Ohms. Therefore, the voltage
output from the amplifier is:

13
V(amp circuit) = 10-7) (Ve)
(106 + 1013)

(0.99999) Ve

Or, the voltage output from the circuit should be
approximately equal to the voltage input to the
circyit by the electrode.
Solution of the Exponential Equation:
¢ = ce(1 - elK(=t0)), )
e(-K(t-to))= 1-c/cs

thus, C = Cf - Cf (e(-Kt))(e(KtO))

(Kto)

where, Cf and e are both constants.

dcsdt = k cf olTKIEEO)) oy e (1 c/ey)

thus, dC/dt = KCf-KC (2)
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roo roo
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Figure 11, Effects of loading on valtage measurement

accuracy.
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ABSTRACT

The brackish water clam, Rangia cuneata, {is
widely distributed in coastal waters of the Gulf
of Mexico. The use of rangia clam as .a high
value food product remains largely unexploited
due to an off-flavor detected occasionally in the
steamed product. Initial tests indicate that the
substance 1is closely assoclated with fatty com-
pounds and will not be removed quickly. Initial
engineering system analysis suggests the use of
recirculating technology involving fluidized bed
and upflow sand biological filters, chemical feed

for pH and alkalinity control, UV/ozonation, and °

foam fractionation, for maintaining critical
water quality parameters 1in the clam holding
system. An algal chemostat system integrating
controlled air/carbon dioxide ratios, mixing,
photoperiod, harvest, and disinfection modes is
used to provide a uniform feed. The operation of
the clam holding system and the algal chemostat
"is linked by microcomputer control and all major
processes are automated.

INTRODUCTION

The Loulsiana road clam, Rangia cuneata, 1s a
brackish water (0-18 ppt) bivalve found along the
Gulf of Mexico coastline from northwest Florida
to Laguna de Terminos, Campeche, Mexico (6). In
addition, these clams are found along the
Atlantic coast as far north as Maryland (6).
Presently, the economic iImportance of rangia
clams stem from using it as roadbed material and
for the manufacture of many industrial products
(17). The estimated 24-48 billion clams, found
in the Western Louisiana waters alone, are
largely an untapped food resource. While the
clam is occasionally canned and eaten in New
Jersey, Texas, North Carolina, and Mexico, the
Louisiana rangia clam exhibits a muddy/earthy
musty odor or off-flavor when steamed or micro-
waved. The cause of this off~-flavor problem has
been identified as geosmin (4).

Economically, rangia clams can be an important
food source i1if the off-flavor can be removed.
Presently, these clams are relayed into a natural
water environment in anticipation that the clams
would purge themselves of the off-flavor causing
chemical. But to date, relaying has not been
effective in consistently removing the geosmin;
however, relaying may be an economical step to
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assure bacterial quality. Alternatively, using
computer controlled, recirculating systems for
holding and purging clams provides an environment
free of seasonal variations and does not require
a constant water source, The use of recircu-
lating systems allows for complete computer
control of all processes such as pH, salinity or
feedsource that directly affect the release of
clam off-flavors.

This paper describes the preliminary development
of a microcomputer-based system to hold fed and
unfed clams to determine specific factors for
enhancing the removal the off-flavor causing com-
pound, geosmin.

BACKGROUND

The marketability of Rangia cuneata in the state
of Louisiana depends on removing geosmin from the
meat. Geosmin, chemically known as trans-1,
10-dimethyl-trans-9-decalol, creates problems in
potable waters as well as in many aquatic
organisms. Reports of earthy odors were docu=-
mented as early as 1891 when researchers des-
cribed the odors associated with soil (20). A
few years later, in 1895, research centered on
off-flavors and odors began when cultures of
actinomycetes producing ‘"earthy" odors were
identified by Rullmann (18). Studies involving
aquatic organisms were initiated when salmon
caught from rivers in England were contaminated
with this "earthy" odor/taste (18,19). Experim-
ental studies showed that the taint in fresh
water fish did not originate from mud associated
with the source water, but from an odoriferous
species of actinomycetes found in the water
column (9,19). This study was the first of many
attempts to identify the chemical responsible for
the odor.

In the late 1960's, Gerber (2,3) and associates
isolated and i1dentified a compound from actino-
mycetes which they named geosmin., This substance
is a saturated tertiary alcohol which is unstable
in the presence of acid. Gerber's findings,
consequently, stimulated more research as other
possible sources of the compound were identified
(10,11,13,15,16).

During the 1970's, more attention was paid to the

problems associated with the aquatic life found
in tainted waters. Originally, Thaysen and
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Pentelow (19) presented evidence that geosmin was
primarily taken up by the gills of salmon thus
causing taste and odor problems. Fish species
known to have taste and problems include rainbow

trout, Salmo gairdneri, bream, Abramis brama,
walleye, Stizostedion vitreum vitreum, lake
herring, Coregonus artedii, and northern pike,

Esox lucius (1,5,12,21). Pond raised channel
catfish Ictalurus ictalurus have also been shown
to uptake geosmin from the surrounding water
(7). Even though fish readily take up geosmin,
research has shown that removal is fairly rapid
if the fish 1is separated from the source.
Several methods have been tried to eliminate the
odor problem in the water industry. Oxidation by
ozone/HZO along with activated carbon seem to
produce tﬁe most effective results thus far.

Little i1s known about the wuptake/release of
geosmin in rangia clams; however, based on the
evidence of geosmin removal from fish, 1t was
concluded that relaying the clams would facili-
tate purging of the off-flavor causing compound.
This process takes two weeks to accomplish and is
subject to highly variable environmental condi-
tions, and even under ideal conditions may not
produce a consistently reliable product.

Moving the clams to a controlled recirculating
system equipped with a properly designed
filtration unit, the exact purging conditions
(temperature, salinity, pH, alkalinity, etc) can
be determined and maintained. To design a
treatment unit for a recirculating system, the
characteristics and amount of wastes excreted by

the clams must be known. Prior research on
geosmin, waste characterization data, and known
effective treatment methods are essential 1In

designing the various treatment components for a
recirculating clam holding system. . For Rangia
clam feeding requirements, additional information
about optimum algae species, temperature,
salinity, feed rates and other factors must be
determined to design a system capable of pro-
ducing a consistent feedsource.

SYSTEM APPROACH

Factors contributing to the release of the off-
flavor causing substance in rangia clam meat are
highly complex and interrelated. Testing even
the simplest methods for purging the clam
requires strict maintenance of all influencing
parameters. Computer controlled recirculating
holding systems provide an enviromment which
allow continuous monitoring of water quality
parameters of any given test condition. In
addition, several different control strategies
can be tested quickly by simply changing appro-
priate parameters in the software program. The
experimental system used to conduct these complex
studies consgsists of two subsystems: the clam
holding system and the chemostat or algal pro-
duction unit.

Two basic approaches were used to determine the
best purging methodology. The first employs a
short test sequence that involves altering
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parameters such as salinity, pH, temperature, and
particulates. Each of these factors were varied
independently and geosmin levels were monitored
in the clam meat and water before and after the
testing. Additional taste panel evaluations were
used to determine product marketability. All
testing was carried out using the clam holding
system,

The second sequence of tests assumed that longer
periods of time were required by the clam to
purge the geosmin to acceptable levels. These
longer holding periods require that the clams be
fed to maintain a good product. Feeding may also
stimulate the release of geosmin in the gut and
surrounding tissue as well as enhance the flavor
and texture of the clam and thus, provide added
value. A green algae, Chorella, was used as a
feedsource. This feedsource was provided in
large enough quantities to feed up to 1000 clams
daily for several weeks, Other parameters
associated with the feed such as physiological
state and growth phase were also be controlled.

Clam Holding System

The recirculating holding system designed for
purging rangla clams consists of the following
components: holding trays, fluidized bed and
upflow sand filter, foam fractionator, sump,
UV/ozone/activated carbon loop, and a pumping
system,

Holding Trays. The clam holding trays are
multiple stacked trays with internal racks to
hold clams in the water column. This arrangement
allows food and oxygen to be evenly distributed
among the clams while heavier waste solids
accumulate at the bottom. Removal these solids
1s facilitated by several inverted bottom-draw
manifolds located between the clam racks. Sur-
face ocutlets remove any suspended solids, scum or
foam that may accumulate. Recirculated water is
introduced to the trays via sprayheads for
aeration and circulation.

Filtration Design. Adequate water quality in a
holding system requires a filtration unit to
maintain total ammonia nitrogen and nitrite
nitrogen levels below a concentration considered
critical to rangia clams. Due to the lack of
research on rangia clams, the critical concentra-
tions causing fatality or lowered product quality
are unknown, consequently, values for crawfish
and blue crabs were used (0.5 mg-N/1 for nitrite
and 1.0 mg-N/1 for ammonia). Filtration designs
(fluidized beds and upflow sand filters)
developed by Malone and Burden (8) are used for
controlling ammonia and nitrite levels. The main
purpose of a fluidized bed filter is for nitrifi-
cation of highly toxic ammonia and nitrite to the
relatively non~toxic nitrate form.

Upflow sand filters, on the other hand, are used
for solids removal, but also have the capacity to
perform nitrification. Recirculated water laden
with waste solids flow upwards, penetrating deep
into the sand bed, but as more solids are



captured the flow rate is reduced. To restore
filtering capacity, the sand bed are backwashed
or expanded and the backwash flow is diverted to
completely remove the captured solids from the
system. The computer controls the duration and
frequency of this backwash process. Based on cur
initial waste characterization studies for Rangia
clams, sollids removal from the system will effec-
tively reduce the BOD_ loading exerted on the
filters by 47 percent.” For these carefully con-
trolled studies, the clam shells were washed to
remove excess solids. Rangia clams are usually
harvested from muddy sediments and can be
expected to carry high levels of solids, which in
effect, add to the BOD. loading of a recircu-
lating system. Thus, séaids removal is critical
to maintaining adequate water quality.

Foam Fractionation. Based on visual observations
of the clams during our waste characterization
studies, foaming was a significant problem for
both short and long term clam holding. Inclusion
of a foam fractionation unit was necessary to
alleviate the foaming problem created by the
aeration of excreted organics. The foam frac-
tionation loop may be replaced in part, by the
UV/ozone/activated carbon process loop. The
UV/ozone/activated carbon loop 1s being tested
for destruction of geosmin and fecal coliform
bacteria purged from the clams. Control of
frequency and duration of the UV/ozone dosing
rates by the computer will insure economical and
efficlent operation of the UV/ozone generator.

Pump System. The total recirculating holding
system 1is tied together by the pumping system.
This system consists of a sump which 1is the
pickup point for the pump. The pump circulates
water to the holding trays, the filters, and the
UV/ozone/activated carbon loop. Computer moni-
tored, water level indicators are located in the
sump and water can be added as needed.

Algae Chemostat System

While the rangia clams are held in the holding
gystem, they will be fed a monoculture of algae
produced by a semi~continuous culture chemostat.
The success of the chemostat depends on the
"interrelationship between the following compo-
nents (Figures 1 and 2): (1) growth chambers,
(2) air/co0,/light system, (3) nutrient system,
(4) disinfection system, and (5) the computer
control/monitor system. Each component will be
discussed, in depth, in the following sections.

Growth chambers. The system consists of three
-algal growth chambers made of fiberglass
reinforced with polymer  sheet (tradename,
SUN-LITE HP). The Ilayout of the chambers is
shown in Figure 1. Each chamber is 12 inches in
diameter, four feet in depth, and contains a
total volume of 23.5 gallons. These chambers
have a light transmissivity of 92 percent. The
bottom is reinforced fiberglass while the top
cover is a friction-fit cap allowing for venting.
Additions and withdrawals from the chamber are
made through a 3/4" thru-hull fitting in the
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bottom plate and 1s controlled by a selonoid

valve. Air and CO, enter the chamber through
3/4" fittings in the“cover. In addition, another
3/4" fitting is 1in the cover for venting and

inoculating purposes. Placed five inches from
the top of each chamber is a water level detector
(two stainless steel wires positioned at a speci-
fied distance from each other) used as a prompt
to signal the computer to turn off pumps and
close selonoid valves when the chamber 1s full.
Positioned on the backside of each chamber is a
solar cell for detecting relative densities of
algal cells. The three chambers are housed in an
open front stand lined with foil to focus and
increase the light intensity.

Air/C0,/lighting system. Air and CO, (Figure 2)
are introduced into the growth chambers through
3/4" PVC fittings attached to the cover. The
air/CO, mixture is dispersed by two low pressure,
fine bubble air diffusers (average pore size of
35 u). Each diffuser is 5.5 inches long and
attaches to standard 3/4" PVC fittings. A 1/4 HP
Thomas air pump vrated for continuous duty
supplies the air while CO, is introduced from a
gas cylinder. The CO,, %njected into the air
line, is controlled by a selonoid valve which
opens every ten seconds for a five second period.
Before the air/CO, combination reaches the growth
chambers, it is “passed through two filters; a
mini capsule with 0.80/0.45 um pore size used as
a prefilter and then a HEPA capsule with 0.3 um
pore size,

Illumination is produced by two banks of lights
(40w cool white fluorescent) situated in front of
the chambers facing the back panel. Due to the
foil covering the inside of the stand, the light
reaching all sides of the chamber should be the
same. Presently, the lights are left on in a
continuous state, but any sequence of photoperiod
can be programmed.

Nutrient system. The nutrient cycle, activated
every time a chamber is emptied and disinfected
or harvested, is illustrated in Figure 1. The
system consists of two-2 liter media bottles, a
20-1liter brine solution carboy, two peristaltic
pumps (one fixed rate and one variable rate), a
1/25 HP chemical feed pump, and an activated

carbon column connected to a water source. The
activity of the pumps is controlled by the
computer through the use of BSR units. The tap

water used to dilute the nutrient media and
create an environment for algal growth i1s passed
through an activated carbon column (bed volume of
0.28 ft®) wvia a selonoid valve to remove
chlorine. The monoculture algae, 1in this case
Chlorella, is grown in an environment as closely
related to that of the clams as possible. Rangia
clams are being held at a salinity of 10 ppt,
thus, the nutrient water in the chambers must be
at 10 ppt. In order to maintain a constant
salinity within the growth chambers, artificial
sea salts must be added every time fresh media
and water are added. The amount to be added is
determined by conductivity readings taken inter-
mittently throughout the day.

87

Disinfection system. Weekly, each chamber is
emptied and disinfected to insure the growth of
pure cultures of Chlorella., Figure 1l depicts the
disinfection in relation to the nutrient system
and growth chambers. This system consists of a
tap water source (bypassing the activated carbon
column) controlled by a selonoid valve, a
20-1liter disinfectant carboy, a fixed rate
peristaltic pump, and a 1/25 chemical feed pump
(the same one used in the nutrient system). Once
the chamber has been harvested, it is filled with
a 4 percent chlorox solution and allowed to soak.
After 7 minutes, the chlorox solution is dis-
charged and the chamber rinsed twice with tap
water. The tap water is discharged and wasted.
Once this procedure has been completed, the
chamber is once again inoculated by the nutrient
cycle described previously.

Computer Control/Monitor System

The two sub-systems (chemostat and clam holding
system) are controlled and linked using a Kaypro
model 2X micro-computer interfaced to the
monitoring devices with a Remote Measurements
Systems ADC-1 data acquisition and control unit.
The ADC~1 interface allows for 16 analog inputs,
6 digital outputs, 4 digital inputs, and 32 BSR
outputs.

The control program, written 1in TURBO Pascal
(Borland, 1985), 1s a user friendly menu driven
program using a supervisor stack sequence to
implement procedures to monitor prcbes, turn
equipment. on and off, and collect and record
data., The flow diagram (Figure 3) indicates that
the subsystems are controlled via separate stack
sequences. Direct linkage of the subsystems
occurs during the harvest and feed modes when
algae 1s removed from the chemostat and fed to
the c¢lam holding trays. Manual override
procedures are also provided for system startup
and testing of dindividual components during
operation.

All pumps and selonoid valves were controlled
using a BSR Type X-10 remote control system
connected to the ADC-1. These units use a
transmitter which generates a digital code super-
imposed upon standard house current 1lines to
control up to 255 separate remote relay modules.
The BSR units are relatively inexpensive ($20),
and minimize the need for hardware conmection and
lengthy cable rums in a wet environment, thus
reducing equipment failure and operator hazards.
The pumps were directly connected to the BSR
units. The selonoid valves use 24 volt AC
current, and thus, a series of transformer were
required between the BSR X-10 modules and the
valves 1n order to decrease the line voltage from
110 to 24 volts.

Temperature probes, level detectors, light
sensors, conductivity probes, pH and other
measurement devices are wired to the ADC's analog
inputs, which are then converted to digital
signals and relayed to the computer through a
RS~232 serial line.
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SUMMARY

The microcomputer based experimental clam holding
and algal chemostat system described in this
paper provides a valuable tool for the determina-

tion of the complex factors contributing to
purging off-flavors from the Rangia clam. The
control system as designed, allows for the

collection of water quality data on a continuous
basis for extended periods of time. The autono-
mous nature of the program frees the operator
from the distraction of day-to~day maintenance
activities and allows more sophisticated control
strategies and fine tune adjustments to be
explored with relative ease. Data collection
frequency can be selected and data reduction
techniques integrated into the program procedures
provide succinct output. Control of voltage
shifts of output from remote sensory probes are
provided by set points and predetermined con-
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stants making the system self adjusting. Changes
in control sequence or value ranges for a speci-
fic probe can be rapidly performed by inputing
new constants.

The supervisor control and specifiec stack
sequences for both the algae chemostat and clam
holding system outlined in this paper, allow each
of these subsystems to 1independently evaluated
and optimized. Thus, investigations into
kinetics of algae growth can be evaluated while a

purging test sequence is under way. As more
specific factors are determined about each
system, the closer the two system can be linked.

If high salinities enhance purging and the algae
specles 1s grown at a similar salinity then
feeding and salinity adjustments can be inte-
grated. Other such refinements can be imple-
mented as the study develops.

When the exact conditions that result in a satis-
factorily purged clam are identified, simplifica-
tions of the process can be developed to make

eventual commercialization less dependent on
sophisticated control systems. Through this
research, the specific control requirement limi-

tations can be defined and an economical design
developed for the commercial sector.
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ABSTRACT

Chemosynthetic communities occur on the
continental slope of the Gulf of Mexico at sites where
liquid oil and methane gas can be observed escaping
from the substrate. Video and still photographs
taken from submersibles suggest that seep mussels
(Bathymodiolus-like: Mytilidae) are, together with the
vestimentiferan, Lamellibrachia sp., biomass-
dominants in these communities. The mussel forms
irregularly shaped beds that range in area from 1 to
>20 m2, Length frequency distributions of three
collections of mussels show distinct size cohorts.
Published length-weight relationship curves for
mytilids are used to estimate the mean weight of the
collected mussels. Large-area-imaging techniques
are used to estimate the total area and mean density
of mussel beds at one of the seep sites. These
estimates will be combined to give a first order
estimate of the mussels' standing-stock biomass.

1. INTRODUCTION

On the sea floor of the continental slope and abyss,
the distribution of larger, sessile animals is
intriguing because they are generally both rare and
diverse. Carney et al. (1983) note that animal
zonation in the deep sea is not only due to the great
prhysical gradients present, but also to interaction
between animal communities. However, despite
some successes in describing characteristic patterns
of deep-sea fauna (Grassle et al., 1975), the prevalent
conclusion is that few generalizations are possible
regarding the causes of the spatial patterns observed
(Jumars and Eckman, 1983).

A notable exception to this occurs where inorganic
compounds seep into the water at the deep-sea floor.
Specially adapted tube worms and bivalves are able to
utilize these chemicals through the mediation of
internal symbionts and therefore enjoy an unusually
abundant food supply (Cavanaugh et al., 1981). The
resulting communities are denser, by orders of
magnitude, than the normal deep-sea fauna (Hessler
et al., 1985) and exhibit distinct patterns that can be
directly attributed to the geological processes
controlling seepage (Sibuet et al., 1988).
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We have examined the spatial distribution of tube
worms and mussels at oil seeps on the Gulf of Mexico
continental slope using a large-area imaging system
developed by the U.S. Navy. The system provides
relatively low image resolution, but very precise
spatial control of sampling. This is the converse of
the usual imagery data obtained by research
submersibles. In this paper, we describe our
attempts to extend the understanding of distribution
processes in chemosynthetic communities by these
means.

2. STUDY SITE

Qil and gas seepage on the continental slope south of
Louisiana is associated with subsurface faulting,
diapir networks and the in situ formation of
authigenic carbonate and sulfides (Brooks et al., 1986;
Behrens, 1988). Qil stained cores and/or
chemosynthetic fauna have been collected from over
40 locations (Kennicutt et al., 1985). Six of these sites
have been sampled by submersibles and/or by
photographic sleds (Brooks et al., 1986; Rosman et al.,
1987). These results, and our unpublished
observations, suggest that seep communities are
spatially discrete, ovoid or linear in shape, and
restricted to areas less than 500 m in maximum
dimension.

Video data have been collected at portions: of four
communities using the large-area imaging
techniques described below. One of these data sets
has been processed in preliminary form. This site
was an area of mussel beds located at 27°47.5'N and
91°15.5'W at a depth of 640 m (Fig. 1). The topography
of this site is quite uniform; the bottom is mostly free
of surface irregularity and the total variation in depth
across the site is less than 10 m. Sediments are silty
clay; however, cores collected by submersible
demonstrated that there is often a layer of carbonate
immediately beneath the surface (< 30 em depth).

3. FIELD METHODS

Single frames of monochrome video were taken from
the submarine USS NR-1. The camera was mounted
vertically at a location 1 m from the submarine's
view-ports. Video frames were simultaneously
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Figure 1. Map showing location in the Gulf of
Mexico of oil-seep community sampled using large-
area imagery techniques. This site is at a water
depth of 640 m and is located near the center of a
region characterized by numerous oil and gas seeps.

recorded on laser disk and on 1/2-in video tape. The
time and date was overprinted across the bottom of
each frame and an observer recorded a continuous
narrative describing what he saw through the view-
ports as the the frames were being recorded. The
submarine's latitude, longitude, and altitude were
logged by an on board computer every second (as were
CTD readings and other data).

" Extensive reconnaissance of the study site indicated
that seep mussels were generally restricted to a
region approximately 60 by 250 m in size. A series of
transects was established across this region and the
precision navigation capability of the NR-1 was used

to guide the submarine along the transects while
video images were recorded (Fig. 2). Spacing between
transects was approximately 3 m, mean altitude of
the submarine was 3.8 m, its mean speed was 0.2 m
per sec, and video frames were recorded every 5 sec.
A total of 3923 frames were recorded within an area
of 16500 m2. A 3.5-kHz precision depth recorder
provided a record of the sub-bottom profile along the
transects (Fig. 2).

Additional observations of seep mussel beds at this
site and other sites in the vicinity were made from the
submersible JOHNSON SEA-LINK I. A vertically
mounted 35-mm camera equipped with a short-range
altimeter was used for quantitative photography.
Collections of seep mussels were made with a scoop
mounted on the submersible's manipulator arm.

4. ABSOLUTE MOSAICS

Large-area images of selected portions of the mussel
aggregation were created by constructing a mosaic of
adjacent frames and eliminating the overlap between
frames (Fig. 3). Photo-negative prints of the video
frames were made by a three step process in which
the images were first digitized by a video capture
board (Data Translation®, model DT2211) installed in
a Macintosh II® micro computer, then saved as
PICT format files, and finally printed with a laser
printer (Apple Laser Writer®). Photo-negative
prints were produced because they were found. to
show light-colored shell material more clearly than
positive images.

As the submarine traversed the transects, its altitude
tended to vary slightly. This caused the scale of the
video images to vary. These differences tended to be
most pronounced between transects. For this reason,
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Figure 2,

20m

Transect Lines for Yideo Mosaic

Location of transect lines used to obtain video mosaic images. Total study area is approximately 275

by 60 m. The study site was traversed by the submarine NR-1 along 19 transects spaced 3 m apart (the actual

spacing was somewhat variable).

The: submarine recorded single-frame video images with a vertically

mounte'd_ camera at 5 sec intervals during each transit. A total of 3940 images were taken. Solid squares show
the position of seismic reflectors detected along the transects with a 3.5 kHz precision depth recorder.



Figure 3. Absolute mosaic of photo-negative video
images showing large beds of the seep mussel
(Bathymodiolus -like) taken from the submarine NR-
1. The images were digitized from video tape records
by use of a video-capture board and printed with a
laser printer. The actual area of the bottom shown in
the images is approximately 5 by 13 m.
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construction of absolute mosaics has been initially
limited to piecing together frames taken along the
same transect.

The linearity evident in the shape of the mussel beds
shown in Figure 3 was a consistent attribute of the
study site. In addition to mussel beds, other features
showed this characteristic shape. These included
patches of non-mussel bivalve shells on the sediment
surface, mats of bacteria, and areas with apparent
oil-stained sediment.

5. VIRTUAL MOSAICS

A second type of mosaic, which showed the
distribution of seep mussels and shell materials at
the study site, was produced by evaluating each of the
video frames with respect to several qualitative
measures (i.e., presence or absence of seep mussels,
approximate shell densities, etc.). These values were
then assigned to appropriate locations within a plot of
the transects (Figs. 4 and 5). The methods used to
produce these plots were the following.

The altitude of the camera above the bottom at the
time each frame was available in the computer log of
the submarine's altitude and position. From the
acceptance angles of the lens of the video camera, it
was calculated that a video frame taken from a
camera altitude of 3.8 m (the mean altitude of the
submarine) covered an area area of the bottom 4.3 by
5.3 m, or 22.8 m2, in size. The diagonal dimension of
such a frame would be 6.8 m. The location of the
center of each frame in an X-Y coordinate system
was determined from the submarine's latitude and
longitude. Thus, the location and the scale of the
video frame could be determined with great
precision.

However, a simple calculation shows that at a mean
camera altitude of 3.8 m, 3923 frames would
comprise a total frame-area of approximately 89,500
m2. Since the area of sea floor transected was only
16,500 m?2 in size, there was clearly considerable
overlap between frames. It was therefore necessary
to average the values of overlapping frames and
assign these average values to a grid of mosaic
elements.

Because the transects were intended to be spaced 3 m
apart (Fig. 2 shows that this was not always achieved
in practice.), an appropriate size for mosaic elements
was 3 by 3 m. Other scales could be chosen as well.
The algorithm used for the averaging process.is
known as a distance-weighted moving-average
(Ripley, 1981) and has the following form:

2w (dith) zi ! X w (dilh);

where, for each mosaic element, the intensity z; is
the weighted average of thei=1, 2, .., n estimates of
areal coverage; and d; is the distance from the center
of the video frame to the center of the mosaic element.

The band-width, &, can be obtained from the mean
diagonal dimension of the video frames.A It is
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g clusters abundant
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Figure 4. Virtual mosaic showing the distribution of living mussels and mussel shells within the study area.
This plot was obtained by viewing the single-frame video images and coding each image according to the
number of mussels present (see key for categories). Mussels and mussel shells were generally absent beyond
the boundaries of the mosaic. Note the general linearity of the distribution of mussel within the site.

O absent 20m
7 <10/ m?

10 -50/ m? Bivalve shells on surface
B So-100/m? (predominantly lucinids)
W >00o/m?

(approximate densities)

Figure 5.  Virtual mosaic showing the distribution of dead bivalve shells on the surface within the study area
obtained by coding single-frame video images. These shells included seep-mussel shells, those of lucinid and
vesicomyid clams. The lucinid shells were numerically predominant. Areas of shell-covered bottom extended
beyond the area of the mosaic; however, the mosaic area was characterized by particularly dense shell cover.
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intuitively obvious that frames whose centers are
farther apart than their diagonal dimension will not
overlap. The weighting function, w, treated x, the
distance divided by the band width:

W (x)=0.9375(1-%2) 2
for-1< x<1.

The distribution of mussel beds shown in Figure 4
again shows a distinctly linear pattern, with several
nodes of very high density. The lacunae at either end
of the study area are the result of a combination of
variation in transect lengths and reduced altitudes at
the ends of transects. The linear pattern is repeated
somewhat more diffusely in the distribution of
lucinid shells (Fig. 5).
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Figure 6. Length frequency histograms of three
collections of the seep mussel (Bathymodiolus -like).
Note the apparent size cohorts and the very different
proportions of size frequencies in the three
collections. Samples from Green Canyon 272 were
collected from beds located approximately 200 m
apart.
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6. POPULATION CHARACTERISTICS OF
SEEP MUSSELS

Three collections of seep mussels were measured to
determine their length frequency distribution (Fig. 6).
These collections were made from three distinct beds
at two locations in the vicinity of the study site.
(Unfortunately, no length frequency data were
available for the mussels from the study site.) The

~distributions are similar in that all three show

distinct size cohorts; however, the mean sizes and the
size ranges of the collections were significantly
different, even for collections made from virtually
adjacent mussel beds (Fig. 6, Green Canyon 272 a
and b).

The occurrence of size cohorts suggests that there is
periodicity in the recruitment of juveniles to these
mussel beds. Differences in the abundance of
smaller individuals suggests that recruitment
success was highest at the site of the Bush Hill
collection, intermediate at the Green Canyon 272 b
site, and that the Green Canyon 272 b site has not
recruited any juveniles since the initial cohort was
established.

Densities of individual mussels clusters were
estimated by projecting 35-mm photographs of the
clusters onto the platen of a digitizing planimeter.
Because the photographs were taken with a vertically
mounted camera, their scale could be calculated
from the camera altitude as was done with the video
images. Outlining the clusters and counting the
number of mussels in a cluster provided a direct

_estimate of mussel density (Fig. 7). Densities were

reasonably constant over the range of cluster areas
studied. The mean density was 383.4 individuals per
m? (standard deviation 145.32).
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Figure 7.  Plot showing the monotonic increase in

number of mussels in beds of increasing area. Mean
density was 383.4 per m2 (standard deviation 145.32).
Estimates of bed area were obtained by photographing
mussel beds with a vertically mounted camera at a
known altitude and tracing their outline on
planimeter. The counts were of only mussels having
both valves intact and held closed (i.e., living
mussels).



7. DISCUSSION

The purpose of this study was to examine the
analytical results that could be produced from video
data and to consider how these results could be used
to study the distribution patterns of seep organisms
and to estimate their biomass. Our preliminary
results show that large-area imaging techniques can
be used to compile mosaics of substantial areas of the
seafloor, but with sufficient detail to be useful for
ecological investigations. The data are voluminous,
but tractable to be manipulated with larger micro
computers. The major advantage of digitized video
data over normal photographs is that the scale of the
images can be adjusted with relative ease. The trade-
off is a distinct loss of resolution. One should
consider, therefore, the type of mosaic that will be
produced and how it will be used.

The absolute mosaic (Fig. 3) is a reproduction of the
actual pictures at some constant scale and. the
assembly of these pieces into a single image of the
total bottom area. As the scale of the final image is
reduced so that it can be printed at some manageable
size, one loses first the details that make it possible to
distinguish between different types of feature, and
second the capacity to distinguish the smaller
features at all. To reproduce an image of a 275 m
long mussel community at table-top size, it would
probably be necessary to reduce the scale to the point
where individual mussel beds could not be
distinguished from rocky outcroppings or scatterings
of lucinid shells.

Production of absolute mosaics is therefore best
limited to selected portions of the overall study area.
One salutary feature of producing hard copy with a
laser printer is that paper copies could be turned out
at a cost of just pennies per sheet. It was therefore
possible to cut and paste the individual sheets with
considerable freedom. Another possibility we are
considering recognizes the fact that these video
images are in many ways similar to unprocessed
satellite images, which also must be assembled into a
non-overlapping picture, It will probably be possible
to adapt some of the satellite-image processing
software developed by NASA to production of seafloor
video mosaics.

Virtual mosaics avoid the difficulty of distinguishing
between different features. Separate mosaics can be
produced showing features that were distinguished
in the full scale data (Figs. 4 and 5). Although the
data we used were qualitative in nature, the
technique i8 perfectly applicable to quantitative data.
The recent proliferation of low-cost image-processing
tools promises to speed the production of virtual
mosaics from quantitative video data.

We noted that linear shapes were apparent both in
the large-scale absolute mosaics (Fig. 3) and in the
smaller scale virtual mosaics (Figs. 4 and 5). In light
of the seep mussel's dependence on methane
(Childress et al., 1986), this intriguing consistency
suggests geochemical processes operating on two
different scales. Verification of these patterns will
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require continued use of both absolute and virtual
mosaics.

These preliminary results have convinced us that it
is possible to obtain accurate estimates of the total
area covered by seep mussels at a scale sufficient to
define an entire seep community. In theory, a
straight forward extrapolation of the mean density
and mean size of seep mussels should provide a first
order estimate of the biomass of the mussel
population at the study site. However, the variability
of mussel size and density among clusters within a
community demonstrates the necessity for thorough
ground-truthing. Plans for additional mussel
collections and detailed photography of the study site
are underway at the time of this writing,
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EMERGING ISSUES OF ENVIRONMENTAL IMPACT TO DEEP-SEA CHEMOSYNTHETIC PETROLEUM SEEP COMMUNITIES

ROBERT S. CARNEY,

COASTAL ECOLOGY INSTITUTE, LOUISIANA STATE UNIVERSITY

ABSTRACT

Continental slope chemosynthetic communities
associated with hydrocarbon seeps off Louisiana and
Texas are similar to communities associated with
hydrothermal activity and polymetallic sulfide deposits.
In each case potential environmental impact must be
considered in conjunction with any plan to utilize the
mineral resources. Unlike deep - seafloor mining, which
is still in the planning phase, progressively deeper
petroleum production is now a reality. Therefore a
higher priority should be assigned to determining the
sensitivity of petroleum seep communities.

On the basis of current knowledge, two opposing
sensitivity models can be proposed. According to the
first (which has been implicitly adopted by MMS), seep
communities are robust with respect to impacts due to
changing exposure to hydrocarbons. As such, no
impact is to be expected from exploration and
production if reasonable care is used.to avoid
mechanical disturbance.  According to the second, seep
model, communitics are specialized to a narrow
geochemical window. Drilling and pumping which
alter the subsurface flow of hydrocarbons may have a
very major impact upon the continued existence of this
window. It is anticipated that future research will
contrast and test these two hypothetical models.

INTRODUCTION

It is the purpose of this brief review to suggest a course
of action which that will assure an appropriate level of
environmental protection for the unique deep-sea
chemosynthetic  communities associated with
petroleum seeps. Rather than considering these
communities in isolation, it is important that they be
treated as special cases in the larger problem of
preventing unacceptable impact in the deep-sea. When
this larger perspective is taken, we quickly find that
assumptions borrowed from shallow water experiences
arc inappropriatc.  Fundamental questions about these
deep sysiems, especially the reef-like chemosynthetic
communities remain unanswered. Efforts to assess
sensitivity of impact must be designed answer some
very basic gquestions.

Concern over environmental impact at depths
over 1000m is a relatively new facet of marine
environmental protection which has gained a higher

priority with deeper oil exploration and the discovery
of polymetallic sulfides within the U.S. Economic
Exclusion Zone (EEZ). Since an experienced and
reasonably effective federal system is in place for the
protection of shallower marine environments, it is
uqderstandable that designs for looking at deep systems
might resemble designs appropriate for shallow
systems, However, when we take a critical look at the
real subsiance of impact work at shelf depths, the

underlying assumptions are found to be inappropriate
for the deep-sea.

In spite of an increasing emphasis upon
understanding ec¢cological processes in marine systems,
the most important assumption which still underlics
the vast majority of marine impact work is that species
censusing is the best means of assessing both the
potential for and the actual existance of impact. The
persistance of this approach implies that the
fundamental ecological processes of the systems are so
well understood, that census data can be placed in a
process oriented context without major investigations
of those processes. An excellent example of this can be
seen in QOuter Continental Shelf (OCS) surveys and
monitoring, where benthic sampling is done to the
virtual exclusion of water colume studies. There is
absolutely no effort made to describe the trophic
structure of theses systems (see chapters in Boesch and
Rabalais, 1987).

Of course, the continued emphasis on faunal
census, is not based upon a profound ignorance of
contemporary ecology. It is, rather, a cost effective
compromise made when studing systems in which the
fudamental processes are thought to be reasonably well
known. Applied to the deep-sea, there are insidious
consequences. We really know very little about the
deep-sea. (See chapters in Rowe, 1985)

With respect to deep-sea trophic structure, we
know only that biomass decreascs markedly with depth.
We still do not know the rates and routes which link
carbon flux, sedimentary detritus, and the biota. The
potential for impacting this system remains unknown.
With respect to basic community composition, we know
only that species diversity can be extraordinarily high.
We can not explain what factors allow for such high
diversity, and we known nothing of what would
constitute a potential threat to these communities. Even
with respect to simple species distribution, we do not
know what causes the conspicuous bathvmetric
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FIGURE 1. Deep-Sea chemosynthetic communities must be treated as spétia]ly restricied subsystems of the

larger deep-sea community.
known.
are not acceptable in this situation.

Since the actual routes and rates of energy flow through this ecosystem are not
Designs to assess the potential for impact which stress faunal inventory over process oriented studies
Of primary concem is determining to what extent the ecology of

chemosynthetic communities is controlled by geological processes which will be altered by exploitation.

changes in faunal composition. Therefore, it is a
mistake to assume that deep-sea census data can be
evaluated within an appropriate context of well
understood ecological processes.  Prudent investigation
of the potential for impact in the deep-sea must be
based upon first leaning about basic processes.

I hope that it has been established that in the
planning stages of any decp-sca impact work, we must
address a profound level of ignorance. When we
encounter a deep-sea chemosynthetic community, an
even greater level of complexity is acheived. Embedded
in a detritus feeding ccosystem, we have a dense
chemosysnthetic "reef’( Figure 1). The ecology of
these communities is far less well understood than the
biology of the key species.
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HISTORY and SIGNIFICANCE of the PROBLEM

Recent discoveries in the northern Gulf of
Mexico are dramatically altering our understanding of
the geological, chemical and biological processes which
control the overall ecology of the contincntal stope. In
the geological area, high resolution profiling has
increasingly shown that salt tectonism and related
processes dominate mesoscale topography and produce
islands of hard substrate in a predominantly mud
environment (Roberts, et al. 1987). Active and
widespread geochemical systems involving
hydrocarbons at or near the deep-sea sediment-water
interface were first confirmed by the discovery of oil
stained cores and thermogenic hydrates by the Texas
A&M Univ. Geochemical and Environmental Research
Group (Brooks et al., 1984). Trawling in these areas
later discovered that a fauna utilizing chemosynthetic
symbionts were associated with these systems (



Kennicutt et al. 1985, papers here in) Clearly, as
resource development of the EEZ progresses beyond the
shelf break, concepts of Gulf of Mexico slope ecology
developed prior to 1985 can not be used for
management decisions.

The Louisiana continental slope chemosynthetic
communities associated with hydrocarbon seeps are one
of a series discoveries of functionally and
taxonomically related assemblages in the deep-sea.
of these communities share the common feature of
being associated with sources of methane or hydrogen
sulfide in an oxygenated environment. The underlying
geological processes  supplying these reduced
compounds vary from site to site. These communities
are the focus of intense international research, and
many of the questions to be asked in the Gulf of Mexico
have already been identified and are being addressed.

All

1. What are the detailed geological, chemical, and
ccological processes where by seeping hydrocarbons
support distinct communities?

2. How do these communities persist, and to what
‘degree do physical-chemical and biological factors
interact on different spatial and temporal scales?

3. How do the component specics reproduce,
disperse, and then successfully recruit into new or
existing communities?

In the Gulf of Mexico, these basic scientific
questions assume an applied importance, since we arc
faced with the question of environmental impact upon
a fauna that is uniquely associated exploitable
hydrocarbon reserves. It is important that we
understand how these communities persist in the

natural environment, and the extent to which they will’

be resilient in the face of petroleum related activities. -

Preconceptions about possible impacts (i.e. they
have cither a low or high probability), all depend upon
how the chemosynthetic communities are envisioned,
rather than specific findings. For example, if the
authegenic carbonate hard substrates and the
associatcd tubcworms, mussels, solitary corals, soft
corals, etc. are considered to be a simple variation of a
live bottom, then protection is a simple matter. As with
any live bottom, sensitivity to petroleum activities
would be determined, and appropriate limits placed on
the proximity of activities.

Petroleum seep communilies can not simply be
treated as live bottoms. Rather, in addition to the usual
live bottom concerns, it is important to determine what
the unique links among gcology, geochemistry, and
biology are. Informed management decisions can only
be made when the possible effects of petroleum
activities on these critical (and possibly complex)
linkages.

When the geological-geochemical-biological
linkages are considered, the appropriate management
goal should be to determine to what extent the Gulf of
Mexico deep watcr petroleum sceps fit into two possible
categories: a robust or fragile community

1. A _Robust Community-Since these communities are

associated with petroleum and degradation processes ,
then they may be uniquely immune from impact by
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hydrocarbons. They may, in effect, be "weeds" capable
of rapidly locating and colonizing numerous sites
which afford the correct geological-geochemical
setting. In such a case, simple restrictions to prevent
mechanical damage might be sufficient when
combined with regulations which preserve some
habitat areas.

2. A Fragile Community- Alternately, it can bc argued
that these communities occupy a relatively rare and
narrow niche associated with different phases of
petroleum degradation. Being so very highly
specialize, the narrow range of environmental
conditions which support these communities might be
very easily altered by drilling and production
activities. Indeed, production may result in a loss of the
very energy source required by these communities.

Determination of the extent to which the
hydrocarbon seep communitics are robust or fragile
entails coordinated geological, geochemical and
ecological efforts that will develop an understanding
of the spatial and temporal linkage pattern between
hydrocarbon seepage and chemosynthetic community
development on the seafloor. These investigations must
determine how communities are established and persist
within the particular geological and geochemical
environments which support them (Sibuet et al. 1988).
As stated above the key to understanding potential
impacts lies in understanding how the processes of
geology, gcochemistry and biology interact.

PREVIOUS CONCERNS:‘ The Gorda Ridge Hydrothermal
Vent Communities

While resource exploitation beyond the
continental shelf is relatively rare, there are a few
ongoing programs within the U.S., which deal with the
issue of potential damage to sensitive deep-sea
communities. To a certain extent, these can serve as
models for work on the chemosynthetic communities in
the Gulf of Mexico and other OCS areas. Of particular
relevance is the concern over environmental impact
associated with deep-sea mining of polymetallic
sulfides. These deposits have associated chemosynthetic
fauna and fall under the authority of Minerals
Management Services (MMS).

The Gorda Ridge is a deep-sea geological
structure within the Economic Exclusion Zone (EEZ) off
the coasts of Washington, Oregon, and California. It is
an area in which seafloor hydrothermal activity results
in the deposition of potentially valuable deposits of
polymetallic sulfide minerals. The unique chemical
environment associated with ore deposition also
supports chemasynthetic communities very similar
those on the Louisiana-Texas continental shelf. The
draft environmental impact statement (DEIS) prepared
by Minerals Management Service (MMS, 1983)
established three very imporiant points concerning
resource development in regions where deep-sea
chemosynthetic communities are found. First, these
communities are of considerable scientifi¢ value and
warrant efforts at preservation. Second, these
communities may be more ecologically sensitive than
the more typical, heterotrophic deep-sea fauna. Third,
the most appropriate means of protection might be to
prohibit mining in the vicinity of communities.



Due to a critical lack of information on the
potentially impacted systems discussed in the Gorda
Ridge DEIS, strongly negative public opinion lcad to
the formation of the Gorda Ridge Technical Task Force.
This joint Federal-State research coordination effort,
has grown into a major Department of Interior,
National Oceanographic and Atmospheric
Administration, U.S. Navy cooperative program
(McMurray, 1986). The recommendations of a NOAA
sponsored workshop chaired by Dr. Robert Hessler of
Scripps Imstitution of Qceanography (Hessler. 1983)
have played a central tole in directing the researgh of
the Task Force. It was rccommended that population
dynamics of communitics be studied, and that lpng-term
monitoring be initiated.  Unlike the Gulf of Mc.mcq
situation where the location of some communities 1§
very well known, a major exploratory effort has been
initiated on the Gorda Ridge to locate systems for study
{(McMurray, 1985).

To a certain extent, the concerns and
recommendations with respect to polymetallic sulfide
mining were based upon earlier consideration of the
potential impacts associated with deep-sea nodule
mining. In order to protect the fauna associated with
nodule rich environments, federal legislation mandates

_ the establishment of stable reference areas (SRA)
within which no mining activity would be allowed. A
committee formed by the National Research Council of
the National Academy of Sciences reviewed this
approach, found it scientifically valid, and outlined a
course of research (Natl, Research Council,, 1984, R.
Heath overall chairman, R.S. Camey chairman
ecological workshop). The central theme of research is
to determine the distance at which the bottom fauna
receives no impact from mining. Once this distance is
known, it will be possible to establish areas large
enough to protect the fauna and small enough to avoid
unneeded restrictions upon development.

AN EFFECTIVE APPROACH to PETROLEUM SEEP
COMMUNITIES

The overall design of seep systems must be based
upon a careful consideration of the state of knowledge
of other deep-sca chemosynthetic communities, the
concerns about impact to those systems within the U.S.
EEZ, unique aspects of the Louisiana-Texas
communities, and our own considerable experience in
the Gulf and elsewhere. If the hydrocarbon seep
communities are to receive appropriate protection, it
will be necessary to determine those factors most
important for the establishment and persistence of the
communitics. As will be detailed in the following
sections, we feel that such information can be
developed in a hicrarchical fashion employing
submersible survey, sampling, experimentation and-
monitoring.

First,
geological
associated?

what is.the nature and disiribution of
structures with which such communities are

Sccond,  within the appropriatc geological
settling, what is the nature and distribution of the
geochemical environment which can support
chemosynthetic communities?
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Third, within the appropriale geological and
geochemical settings, what factors regulate the
establishment, persistence and resilience of
chemosynthetic communities?

Finally, with what confidence can faunal survey,
geochemical survey, and/or topographic survey
provide in a cost effective manner the information

needed to locale and protect these communities?

In undertaking such an investigation, we are
well aware of the slow rate of progress in some aspects
of deep-sea community ecology. While our task are not
trivial, they are obtainable because the Louisiana-
Texas slope communities afford three special
opportunities which we will exploit.

1. These sites arc relatively shallow (less than
1000m). As a result, a wider variety of
technologies can be employed than in deeper
systems.

2, There is considerable information available on
the geology and geological processes of the
region.

3. There are obvious management needs will result
in the appropriate priorities focusing upon the
geological-geochemical-ecological link.

CONCLUSION

Deep-sca chemosynthetic communities pose a
unique sct of management problems. On the basis of
current knowledge, it can be suggested that they
depend upon the same geological resources which man
seeks to exploit. If this is the case, then an effective
protection plan must have at least two components.
First, therc must be conservation to assurc an
acceptable level of habitat preservation. Second, there
must be assured protection from impact due to
drilling/mining in areas open to exploitation. The
research which leads to the adoption of a management
program must provide a basis for both components.
Therefore, it is critical that ecological processes be
studied. The highest priority must go to the
determination of the linkage between biology and the
geological/geochemical phenomenz which appear to
be necessary for the communitics to exist.
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PETROLEUM - DERIVED AUTHIGENIC CARBONATES OF THE LOUISIANA
CONTINENTAL SLOPE
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ABSTRACT

Seismic and echo-sounder profiles across Louisiana’s continen-
tal slope have historically suggested the presence of abundant hydrocar-
bons in shallow subsurface sediments and in the water column. Various
mineralogical typcs of authigenic carbonates are common in hydrocar-
bon seep areas. Significance of a substantial carbonate component to the
sedimentary architecture of the Mississippi delta complex has never been
seriously evaluated.

Large topographic variations on the slope are related to salt

tectonics. Close inspection of these features (geohazards data and cores)
suggests that they are largely carbonate capped. These carbonates range
from shell hashes through cemented clays and hardgrounds to massive
mound-like buildups ten of meters in relief. Analysis of host sediments
commonly reflect the presence of biogenic gas generated in situ and

thermogenic gas and associated crude oil generated outside the realm of -
surface sediments. Numerous faults act as conduits for fluids and gases -

from the subsurface.

Isotopic values of the authigenic carbonate (8C-13 values to -48
o/oo PDB) reflect a link with hydrocarbons. Microbial gxidation of
methane and heavier hydrocarbons provides a source of CO“ in intersti-
tial waters and triggers chemical precipitation of carbonates (primarily
aragonite and Mg-calcite) characterized by extreme depletion of the C-
13 isotope.

INTRODUCTION

Data taken in support of hydrocarbon exploration
and production in slope-depth environments of the north-
ern Guif of Mexico have increasingly confirmed the abun-
dance of authigenic carbonates. The bathymetrically,
structurally, and sedimentologically complicated continen-
tal slope off Louisiana is an area where the occurrence of
oil and gas seeps is convincingly associated with the produc-
tion of enormous volumes of calcium carbonate, sediments
and structures. Data that support these findings are largely
high resolution seismic profiles, side-scan sonographs, bot-
tom samples cores, and geochemical surveys run to assess
potential drill sites and pipeline routes.

The slope is underlain by a massive salt unit
(Louanne Salt, Jurassic), which largely controls major
topographic and structural variations. The salt has been
deformed into a variety of diapiric spines, domes, and
ridges, some of which reach the surface or are close enough
to influence modern seafloor topography and near-seafloor
stratigraphy. Resulting seafloor complexity of the slope is
expressed in highly irregular depth contours, (Figure 1).
Processes of salt tectonics have produced numerous
interslope basins and topographic highs. Bathymetric and
structural maps of the slope lack the necessary detail to
accurately portray the gradients and complexities of relief
that actually exist (1).
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Figure 1. Bathymetry of the northern Gulf of Mexico
continental slope topography associated with salt
tectonics (modified from Martin and Bouma, 1978).

Recent data indicate that surface and near-surface
sediments (2, 3) display a wide variety of depositional set-
tings, including settings of slow hemipelagic deposition over
more rapidly deposited low sea-level fluvial sediments,
areas of seafloor failures and mass movement, and exten-
sive regions of sediment stripping and erosion. In addition,
these studies have shown that the slope is a zone of active
faultmﬁ that provides avenues for fluid and gas movement
from the deep subsurface to the modern seafloor. Oil and
gas seeps are common (4). It is also clear, from studies of

oth sediment cores (3) and seismic profiling (2, 5, 6), that
sedimentation on the slope is strongly modulated by sea-
level fluctuations. Although the deposition of fine-grained
hemipelagic sediments and various types of turbid
flows/debris flows initiated by mass-movement processes
are part of the rising to high sea-level suite, coarser sedi-
ments are typical of falling to low sea-level periods, when
shelf—edfe delta building takes place (5). However, many
of the elevated salt domes were largely bypassed by fluvial -
deposition even during low sea-level periods andy left to
accumulate carbonates.

$1 ©1988 IEEE



ABUNDANCE OF SLOPE HYDROCARBON SEEPS

: Several researchers have shown that active gas and
crude oil seepage is widely distributed across the upper
continental slope of Louisiana (7, 8, 9, 10, 4). Seeps are
common to diapir crests which are associated with complex
faulting. Acoustic data from these areas commonly record
gas in the water column and acoustic wipeout zones in the
subsurface that are interpreted as shallow accumulations of
biogenic and thermogenic gas and gas hydrates. Near
shallow diapir crests, upturned and truncated bedding is
common, as well as surface topography that is complicated
by irregularities ranging from fist-sized carbonate nodules
in the sediment to carbonate mounds that can attain verti-
cal dimensions of tens of meters (Figure 2).

The biogenic gas is thought to be formed in place as
the result of microbial activity on dominantly terrestrial
organic matter transported to slope sediments. There is
little doubt, however, that large volumes of thermogenic
gas and crude oil are migrating to the slope surface at the
present time. Among evidence for present migration of
thermogenic gas to the present seafloor are unusual gas
hydrates recovered from Green Canyon cores. These
yellowish-orange nodules of thermogenic gas hydrates,
found in association with biodegraded crude oil, inciuded
methane as well as ethane, propane, isobutane, and normal
butane (8, 9). Additional analytical work on Green Canyon
cores (11) also indicates the presence of carbon dioxide and
hydrogen sulfide encased within the gas hydrate structure.
Based on calculated thermal maturity models for the
Louisiana slope, thermogenic gas and crude oil did not
form at shallow depths, but instead migrated along faults
from deeply buried Lower Tertiary or Mesozoic source
rocks (12).

It has been noted (13, 14) that slope hydrocarbon
seeps are frequently associated with chemosynthetic com-
munities similar to hydrothermal vent fauna (tube worms,
bivalves, gastropods, and other organisms) that utilize
methane and hydrogen sulfide as nutrient sources. The
origin of the methane utilized by these chemosynthetic
organisms is complex. Both biogenic and thermogenic
methane are available in seeps. Biogenic methane does not
typically include higher hydrocarbons, whereas thermogenic

gas can include higher hydrocarbons such as those noted in
gas hydrates (8). Biodegradation of thermogenic hydrocar-

ons is known to result in preferential preservation of
methane, as other higher hydrocarbon gases are preferen-
tially oxidized by bacteria (15). This process results in
methane-rich residual gas of thermogenic origin that could
also be utilized by chemosynthetic organisms.

RELATION OF HYDROCARBON OXIDATION TO
AUTHIGENIC CARBONATES

The relationship between microbial oxidation of
hydrocarbons and the formation of carbonate minerals,
including aragonite, Mg-calcite, and dolomite characterized
by isotopically light carbonate carbon, has been docu-
mented (7, 8, 9, 16). Moreover, such processes occur at
even greater water depths than the Eresent paper encom-
passes. Isotopically light carbonate has been identified in
association with crude oil and elemental sulfur in the shal-
low cap rock of Challenger Knoll, a salt dome in the
Sigsbee deep abyssal plain at a water depth of 3600 m in
the Gulf of Mexico (17).

Certain aspects of microbial oxidation of hydrocar-
bons and formation of carbonates with isotopically light
carbon in the slope sediments are incompletely understood.
The carbon isotopic compositions of authigenic carbonates
on the Louisiana continental slope display wide variation,
with values ranging from those typical of marine carbonates
to values as light as -48 o/oo PDB (7, 9, 18). It could be
assumed that the isotopic variability of the slotpe carbonates
simply reflects a mixture of carbon derived from methane
and marine carbonates, but research on the origin of Guif
Coast salt dome cap rocks suggests greater complexity.

Carbonate carbon isotopic values of salt dome cap
rocks associated with crude oil seepage (-25 to -30 o/oo
PDB) have been attributed to microbial oxidation of crude
oil hydrocarbons with a similar carbon isotopic composition
(19). Micrabial oxidation is not necessarily limited to
hydrocarbon gases as described (15), but can result in
nearly complete oxidation of quantitatively more significant

" liquid saturated hydrocarbons of much higher molecular

weight (20, 21). Crude oils from Green Canyon seeps are
known to be biodegraded (7, 8, 22), suggesting that in some

Figure 2. High resolution seismic profile near the crest of a shallow salt diapir. Note the
upturned and truncated bedding, mounded surface topography, and acoustic

"wipeout zones."
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seeps hydrocarbons associated with crude oil could be a
significant contributor to authigenic carbonates. Never-
theless, carbonate carbon isotopic values of some salt dome
cap rocks not associated with oil seepage (-30 to -50 o/o0
PDB) have been attributed to microbial oxidation of
biogenic methane (23). Additional research needs to be
done to elucidate the relative contributions of different

hydrocarbon types to Louisiana slope carbonates with.

widely varying carbon isotopic compositions.

CARBONATE MOUNDS AND SEDIMENTS

Recently assembled and interpreted high resolution
seismic data (24) clearly show carbonate buildups of vari-
ous dimensions on the crests of many salt diapirs at varyin
water depths. They are found from the shelf edge, whicl%
was near sea level during the last low stand (~20,000 yrs
BP), to depths that were far below the photic zone even
when sea level was at its lowest. Acoustic data shown in
Figures 2 and 3 indicate the seafloor irregularities common
to slope areas affected by shallow salt diapirs. Note the
surface mounds of Figure 2 and the associated acoustic
wipeout zones. These areas of no acoustic return are
usually interpreted as pockets of shallow subsurface gas,
but a hard carbonate substrate, such as those shown in
Figure 2, can reflect acoustic energy and create acoustic
wipeouts beneath these features. e acoustic response
seen in Figure 2 is commonly a combination of both effects
in the salt diapir crest environment. '

A side-scan sonograph showing the distribution of
mounded areas near a shallow salt diapir crest is shown in
Figure 3. Areas of smooth seafloor on the diapir flanks and
in local areas of the diapir crests collect hemipelagic sedi-
ments. These sediments are characterized by lack of
stratification, thorough burrowing, and abundant
calcareous microfossil tests (up to 30%) (Figure 4). These
thin (2-4 m thick) hemipelagic sediments, which represent
rising to high sea-level deposits, drape nearly the entire
slope (3). They are underlain by thicker and more strati-
fied deposits from the last low sea-level period (5, 6). Sur-
face sediments from mounded areas of seafloor are gener-
ally rich in sand-sized and coarser carbonate debris, includ-
ing encrusting foraminifers, calcareous algal fragments,

{SHELI

Figure 3. Side-scan sonograph from a slop
associated with carbonate mounds.
sediments are commonly compose
clasts in a mud to shell hash matrix.

mollusc debris, carbonate cemented pellets, large carbon-
ate clasts, and coral debris (both hermatypic and aher-
matypic corals). The large cemented clasts of authigenic
carbonate commonly found in these sediments are isotopi-
cally light (8C-13 values ranging from -20 to -46 0/00).

1t is thought that large carbonate mounds as shown
on the seismic profile of Figure 2 are composed primarily
of isotopically i%ht calcium carbonate (mostly aragonite).
A large piece of this material collected from the Green
Canyon area off central Louisiana is shown in Figure SA. It
contains many voids, borings, and various types of epifauna,
including solitary corals and brachiopods. Most of the
matrix is cemented with isotopically light aragonite, and
voids are filled with splays of acicular aragonite crystals
(Figure 5B) or thick rims of botryoidal cements. Once a
substrate is established by cementation catalyzed by the
microbial oxidation of hydrocarbons, it becomes a habitat
for hard substrate organisms. On the crests of shallow
domes at the continental shelf edge it is not uncommon to
find both living and dead ahermatypic and hermatypic
(reef-building) corals (Figure 6). During low sea-level
periods, many upper slope-distal shelf dome crests were in
a favorable photic environment for reef growth. A few of
these features, such as Flower Garden Banks off the Texas-
Louisiana border, have survived as viable coral reefs. It is
probable that many of these bioherms and true reefs began
development on hard substrates provided by the process of
authigenic carbonate production discussed previously.,
Carbonate mounds of the present continental slope that are.
located at depths beyond the photic zone even during peri-
ods of lowered sea level are likely to have a hydrocarbon
seep origin. Research is currently underway to determine
the origin of carbonate buildups at various depths in several
slope areas.

CONCLUSIONS

Research on carbonate sediments -and moundlike
buildugs on the continental slope off Louisiana have led to
the fol

owing conclusions;

1. Acoustic data suggest the widespread occur-
rence of mounds and rough bottom areas

e diapir crest showing rough bottom topography
In the vicinity of the mounded areas the surface
d of either shell hash or carbonate cemented
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Figure 4. X-ray radiographs of cores from two common

types of near-surface sedimentary facies, burrowed
hemipelagics that drape .much of the slope and
turbid flow sequences commonly associated with
sediments deposited during the last low sea level.
Due to seafloor erosion, these low sea-level deposits
are sometimes exposed on the modern seafloor.
Prints are pictures of the radiograph negative. Light
areas are dense to passage of X-radiation.

associated with salt diapir crests that, when
sampled directly, are usually composed of

various species of calcium carbonate
minerals.
2. Cores and bottom samples from mounded

areas are usually carbonate-rich and com-
monly contain crude oil. - The presence of
abundant gas in these areas is suggested by
frequent acoustic wipeout zones in the shal-
low subsurface and reflection events from gas
in the water column.

3. Geochemical analysis of hydrocarbons

reflects multiple origins, from in situ biogenic .

methane to thermogenic gas and crude oil
that has migrated to the surface from great
subsurface depths, presumably by way of
large growth fault systems.

4, Isotopic signatures of the carbonates (8C-13
values to -4 o/oo PDB) reflect a link with
hydrocarbons in the carbonate-forming pro-
cess. It ap?ears that much of the isotopic
variability of the carbonates is related to the
varied pool of carbon made available by
microbial degradation of a spectrum of
hydrocarbons, from biogenic ~ and
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Figure 5. (A) A large block of isotopically light carbonate

(mostly aragonite) collected from the Green Canyon
area off central Louisiana. Dark areas around the
voids are crude oil stains from a natural seafloor
seep. (B) The small-scale voids in the larger rock
shown above are filled with splays of aragonite
crystals as shown on the scanning -electron
photomicrograph. Aragonite cements have §C-13
values as light as -48 o/00 PDB.

thermogenic crude oil
hydrocarbons.

3. Hydrocarbon-derived carbonates provide a
substrate for organisms requiring a hard

substrate,

methane to
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ABSTRACT

The National Oceanic and Atmospheric Administration's
(NOAA's) Undersea Research Center at Fairleigh Dickinson
University (NURC-FDU) on St. Croix, U.S.V.L. presently
operates (AQUARIUS), a recently commissioned scientific
saturation diving habitat system, The unique undersea habitat
is located in the apex of a submarine canyon on St. Croix’s
north shore at a depth of 50 ft. By utilizing saturation diving,
teams of six aquanaut/scientists are able to spend up to four
weeks living beneath the sea, studying the ocean floor and its
inhabitants. Moreover, the AQUARIUS mobile system
consists of the habitat, its anchoring baseplate, and a Launch,
Recovery, and Transport (LRT) vessel that can be retrofitted
to serve as a Mobile Support Base (MSB) and floating
laboratory. This mobile capacity will allow NURC-FDU to
serve the research needs of the entire Caribbean.

1. DETAILS ON THE HABITAT SYSTEM

The AQUARIUS habitat system was deployed in Salt River
Canyon, St. Croix in September 1987. The habitat system is
composed of four major elements; the habitat, the Life
Support Buoy (LSB), the LRT/MSB, and the Baseplate. The
habitat represents a major advancement in facilities for
scientific saturation diving by providing enhanced scientific
capabilities in a comfortable living environment. The habitat
is an American Bureau of Shipping (ABS) classed double
lock vessel capable of housing and supporting six persons in
an environment closely approximating a typical field research
laboratory. It is rated to an internal pressure of 103 psi (232
feet of sea water) and an external pressure of 54 psi (120 feet
of sea water), allowing a maximum saturation depth of 120
feet. The pressure hull is 3.5 times larger than the original
HYDROLAB (an undersea habitat operated in St. Croix by
NURC-FDU between 1978 and 1985). It has rectangular
hatches for easy entry and exit and several viewports up to 23
inches in diameter.

A non-pressure rated “wet-porch” is attached to one end of
the habitat. This room will serve as the habitat entrance and
provides a dressing room, shower for divers, and wet
laboratory space, including a seawater table and aquaria. Wet
laboratory space was not provided for in HYDROLAB, and
is highly desirable. The wet porch also features a dumb-
waiter system which will be used for the transfer of supplies
in pressure-resistant containers to and from the habitat.
During HYDROLAB missions, support divers carried bulky
containers by hand.
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Habitat life support systems include an Environmental
Control System (ECS), two high pressure air sources,
oxygen and oxygen/nitrogen gas supplies, primary and
emergency power and communications systems, remote and
direct monitoring of habitat atmosphere, and remote video
monitoring. Remote environmental monitoring eliminates the
need for a 24 hour radio watch, allowing scientists to have a
normal sleep schedule during the mission. Remote sensing
will relay all critical life support data continuously from the
habitat to the support base via radio. The decision was made
in late 1986 to go with a radio system both for voice
communications (on VHF channel 82A) and for ransmitting

sensor data from the life support systems (on channel 2A).1
The scientists can be alerted from shore if a problem is
detected. A hard-wire communications umbilical has been
installed as a back-up system. The addition of an onboard
technician will free diving scientists from the daily
maintenance and operation of the habitat and increase the time
available for research.

Living conditions within the habitat will be markedly
improved over HYDROLAB. The improvements include an
indoor toilet, two sinks, a shower, a dining table, a large
refrigerator, a microwave oven, bunks for all team members
and several science work areas. The habitat will be supplied
with hot and cold fresh water from a desalination unit and
water heater on the LSB. Water will not be rationed.
Provision for adequate bathing facilities should reduce the
frequency of skin infections. An indoor toilet reduces
exposure time and the need for extra showers.

" Another technological advance in the system is that

decompression in the habitat will be controlled by NURC-
FDU staff on the surface. Controls are housed in the LSB.
The advantages to remote control are that decompression will
now be controlled by an experienced staff so that scientists
will be freed to rest or pursue research.

2. LIFE SUPPORT BUOY (LSB)

The LSB was constructed from a 45 foot fisherman-type hull
acquired from the U.S. Customs Service and delivered to
NURC-FDU in late 1985. Design and conversion of this
vessel was accomplished on St. Croix by the NURC-FDU
staff and local contractors. The LSB will provide the primary
life support for the habitat.
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The LSB has been designed with a reverse osmosis
desalinator for ample supplies of fresh water, two diesel
engines and generators, two high pressure compressors, one
low pressure compressor, the control unit for the ECS, and
support for the habitat's VHF radio antennas. A continuous
duty rotating video camera mounted on the LSB monitors sea
conditions and boat traffic from the support base. An
insulated, air-conditioned control room houses the controls
for decompression, the atmosphere monitoring equipment,
radios and video equipment. A small shop with tools and
spare parts is housed below deck. ’

3. LAUNCH, RECOVERY AND TRANSPORT
vessel/ MOBILE SUPPORT BASE (LRT/MSB)

In 1987 the final design for the LRT/MSB and baseplate was
completed with the contract to build these components being
awarded to Brown & Root Marine, The LRT/MSB was
completed during August 1987. This design features a new
baseplate as well as a catamaran style vessel and a Mobile
Support Base that can provide transportation for the entire
system.

The LRT/MSB has three principal roles. The first is to
launch, recover and transport the system around St. Croix
and thronghout the Caribbean. The second role is to house
and transport a self-sufficient mobile support base that will
allow offshore deployment in remote areas with few or no
shore facilities. The third is to provide a "dry dock" facility
able to lift the habitat and baseplate completely clear of the sea
for periodic maintenance. This is the first time any habitat
system has incorporated this important capability.

In its configuration as an MSB, the vessel will be equipped
with all of the support equipment now located at the NURC-
FDU operations base. Permanently installed apparatus
includes main generators (2-100kw), high pressure air
compressors (2-20cfm), a low pressure compressor
(120cfm), a reverse osmosis desalination plant, and storage
for fuel and breathing gases. In order to fully utilize the
depth and personnel capabilities of the system, an 72-inch
(large enough for six persons plus a tender) recompression
chamber and a handling system for a Personnel Transfer
Capsule (PTC) will be installed near the bow of the vessel.
After the habitat is deployed, the LRT/MSB returns to the
nearest convenient port with containerized freight handling
equipment to pick up six trailer sized (40 feet x 12 feet)
fiberglass modularized buildings which will span and cover
the "moon pool” of the vessel. These buildings will contain
the operations control room, field science laboratory,
infirmary, shop, bunk rooms, galley, showers and marine
toilets. Once these three buildings are loaded and "plugged-
in" the vessel can be retumed to an anchorage near the habitat
and serve as the remote Mobile Support Base.

4, BASEPLATE

The baseplate is the foundation of the habitat and contains the
ballast weight to hold the buoyant pressure hull on the
bottom. The baseplate has adjustable legs which provide a
means of levelling the habitat on an uneven sea floor.
Hydraulic winches mounted on the baseplate are used to pull
the buoyant habitat to the bottom in a controlled manner. The
baseplate is a tubular framework measuring approximately 45
feet by 25 feet with four vertical tube legs and foot pads.
Each of the vertical tube legs is ballasted with 21 tons of lead;
it's length is adjustable by means of a hydraulically operated
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FIGURE 1. Habitat Operations in Salt River
Canyon.

screw jack assembly. On the bottom the habitat is oriented
perpendicular to the centerline of the baseplate and the lead
filled legs act as "outriggers” to resist the overtuming forces
exerted by the sea on the large surface area of the side of the
habitat. While on the LRT/MSB, the baseplate acts as the
support platform for the habitat with the habitat parallel to the
centerline of the baseplate.

5. OPERATIONS

Training and qualification of the habitat scientific team are
conducted prior to the start of each research mission. Both
in-water and classroom training sessions are held to
familiarize the aquanauts with the operation of the habitat,
meodified diving equipment and safety procedures. Upon
completion of required pre-dive checklists, the aquanauts
SCUBA to the habitat. An onboard technician conducts the
daily habitat checks, replenishes carbon dioxide absorbent,
and performs any required maintenance. Life support
parameters are monitored at the shore operations base with a
data link and packet radio from the habitat and LSB.

The aquanauts routinely spend up to 9 hours a day working
on their experiments on the seafloor. A video system allows
monitoring of experiments and surface conditions. An
onboard computer and data link are used to gather
experimental data. After undersea experiments have been
completed, decompression of the aquanauts must be
conducted and is accomplished by slowly reducing the
pressure inside the habitat to surface atmospheric pressure.
When the aquanauts reach surface pressure, after
approximately 20 hours of decompression, they exit the
habitat and swim to the surface. The diving medical officer
examines the aquanauts for signs of decompression sickness

or other medical problems.2



FIGURE 2. Modifications at St. Croix's Container
Port.

FIGURE 3. Underwater Photo of AQUARIUS
Habitat.

6. EQUIPMENT AND FACILITIES AVAILABLE
THROUGH NURC-FDU

Other NURC-FDU equipment or facilities that may be used in
;onjunction with the AQUARIUS system are described
clow.

Remotely Operated Vehicles (ROV'S) - A Deep Sea
Mini-Rover Mk. II is one ROV available for appropriate
research projec