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ABSTRACT

A 12-month study by the Center for Natural Areas (CNA) was
conducted to collect and analyze published, unpublished, and raw
data as well as ongoing research programs from 1974 to present,
relative to the marine enviromment of the outer continental shelf
(0CS) and the Blake Plateau from Cape Hatteras, North Carolina to
Cape Canaveral, Florida. The report is to be used to assess
adequacy of the regional data base, and may be used in the design
of environmental studies that the Bureau of Land Management (BLM)
will direct in an attempt to assess and predict the possible
effects of o0il and gas development on the marine 1life and
environment.

During the course of the pfoject, 28 scientists contacted
representatives from the federal, state and local govermmental;
private industry; and academic sectors and developed a list of
bibliographic references 1including over 2500 citatioms. The
following list shows the major topics inventoried and presented in
the report:

Marine Geology

Chemistry

Phytoplankton

Zooplankton

Neuston

Nekton

Benthos

Commercial Fisheries

Sport Fisheries

Marine Benthic Flora

Marine Mammals

Marine Birds

Marine Turtles

Fndangered or Threatened Species
Microbiology

OCS Uses

Unique or Endangered Environments
Toxicity and Health Studies

The report in three volumes is appproximately 3500 pages in length
with over 600 illustrations and 375 tables. Volume I contains the
text for each topic; Volume II contains the master bibliography,
index and acknowledgements; and Volume III contains various
appendices.



PREFACE TO THE FINAL REPORT

The material and data contained in this report have been furnished
to the Bureau of Land Management under the terms of Contract
AA550-CT7-39. The Center for Natural Areas, as contractor, takes
full responsiblity for any errors or misstatements which may
exist, This inventory was put together from a large number of
sources in a 12-month period. We ask the forebearance of our
colleagues and our sponsor in accepting this edition as a working
document which we hope will be used, corrected, and updated in the
future. Any suggestions for changes and additions will be
welcomed by CNA.

The staff at CNA thank the many authors and contributors to this
study for what we believe is an extensive review of the literature
and data of the marine environment of the South Atlantic OCS
region.

William C. Reed, President
South Gardiner, Maine
August 1979 -
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1.0 BACKGROUND AND HISTORY

In preparation for the leasing of OCS lands in the South Atlantic
frontier area (OCS Lease Sale 43), the Bureau of Land Management
has been assembling background data for a period of five years.
This effort began in April 1973 when BLM advertised for proposals
to conduct a literature review of the area from Cape Hatteras to
Cape Canaveral, for socio—economic and environmental data of the
continental shelf to 200m. This work was contracted to the
 Virginia Institute of Marine Science (VIMS) and completed in 1974,
This report, entitled "A Socio—Economic Environmental Baseline
Summary for the South Atlantic Region between Cape Hatteras, North
Carolina and Cape Canaveral, Florida”, collected data that was
current through early to mid-1974. The intent of the BIM and
others was to provide current background, data, cite various data
banks and sources of raw data, list ongoing research, and, in
general, provide the BIM staff with as much information as
possible to assist them in the preparation of environmental impact
statements as specified by the National Envirommental Policy Act-
NEPA (1969).

At the Atlanta OCS Conference/Workshop held in October 1975, one
of the recommendations to BLM was that there had to be an updating
of the VIMS (1974) literature review, especially in the areas of
new programs, ongoing research, raw and/or unpublished data, and
data gaps, since those data in the 1974 document were becoming
outdated in some cases. Moreover, much of the report used
published 1literature only, and did not inventory the other
sources. It had also become apparent that certain areas of the
earlier work were not specific enough. In addition, wvarious
program delays and the overall delay of the lease sale until late
1977 made it imperative to thoroughly and comprehensively conduct
an updating and filling of data gaps, as a part of the
environmental studies required prior to exploratory drilling.
Subsequently, the BLM decided to extend the literature review
beyond the original 200m boundary to the continental slope (the
1500m isobath), an area not included in the original study.

Thus, in March 1977 proposals were submitted to BLM to expand and
update the previous studies, while encompassing the expanded
geographical coverage.

2.0 OBJECTIVES AND PURPOSE OF THE STUDY

The basic 'study objectives, pertaining to the geographic area
outlined in Section 3.2, are listed below.



--update the environmental survey by VIMS (1974) and provide
analysis of all existing biological, chemical, and geological
data. )

——identify and summarize ongoing biological, chemical, and
geological programs in the South Atlantic region.

--identify sources of raw data and unworked samples, and
evaluate the role of this material in relation to the total
existing data base.

--identify gaps in the biological, chemical, and geological
data base and evaluate the extent of these gaps.

3.0 SCOPE OF THE STUDY

3.1 Authorization

The study was authorized by the U. S. Department of the Interior,
Bureau of Land Management, in RFP AA550-RP7-11, January 31, 1977,
and by the subsequent contract, AA550-CT7-39, issued August 25,
1977 to the Center for Natural Areas.

3.2 Geographic Area Covered

The study area is presented in Figure I-l. The geographical area
covered extends from Cape Hatteras, North Carolina to Cape
Canaveral, Florida, from the spring tide mark to the 1,500m
isobath, encompassing four coastal states—— North Carolina, South
Carolina, Georgia and Florida.

3.3 Topical Coverage

The topical areas to be reviewed in the study were established by
BIM in RFP AA550-RP7-11, and further supplemented by the CNA
proposal. A list of the major topics is presented in Table I-l.
An index of all terms, keywords, and species names may be found in
Volume II of this report.

4.0 METHODS AND APPROACH

The following section describes the methodology used by CNA to
organize and conduct the literature review and data update. These
methods were based on three major tasks described below.
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TABLE I-1
Major Topics Covered in Report

Marine Geology
Chemistry
Biological Oceanography
Phytoplankton
Zooplankton
Neuston
Nekton
Benthos
Commercial Fisheries
Sport Fisheries
Marine Benthic Flora
Marine Mammals
Marine Birds
Marine Turtles
Endangered or Threatened Species
Microbiology
OCS Uses
Unique or Endangered Environments
Toxicity and Health Studies




TASK 1: Data Collection

During the initial phase of Task 1, CNA organized the entire
program approach. Coples of the work statement, schedule, and
program guidelines were sent to each of the principal
investigators.

The major element of Task 1 involved securing a large number of
professional contacts, in order to locate, describe, and obtain
relevant study materials. This process ylelded documents,
printout materials, and citations, supplemental to data and
publications collected by study investigators.

In a joint effort conducted by CNA staff and the 17 principal
investigators, approximately 1,100 contacts were established.
This approach consisted primarily of sending letters of request to
colleagues, state and federal agencies, and marine institutions in
order to obtain reprints, unpublished data, and information
concerning ongoing research projects. A list of professional
contacts was furnished to CNA by each principal investigator.
Letters with specific requests were sent to each of the contacts.
A copy of a typical letter of request and enclosures is presented
in Figures I-2 and I-3. CNA found the Project Abstract (Figure I-
4) to be quite useful in describing the request for information.

Depending on the type and extent of information available at
various laboratories, a decision was made to send a CNA field
representative to collect the materials. Alternatively, 1if
convenient, material was sent by mail.

In response to 1,072 letters of request sent during the period of
November 1977 to March 1978, CNA received 279 replies, many of
which included documents. In addition, principal investigators
received input from nearly 500 sources., A full list of contacts
who provided materials or information appears in Volume II.

Based on previous favorable experience and the need to sample a
variety of major computerized data banks and information services,
CNA utilized a number of federal and private institutions to
provide information concerning references to data, literature and
ongoing research. The following files were searched for
information.

Oceanic Abstracts (0A)

Environmental Data Base Directory (EDBD)

Biological Abstracts (BA)

Chemical Abstracts (CA)

National Technical Information Service (NTIS)

Reports of Observations and Samples Collected by
Ongoing Oceanographic Programs (ROSCOP)

Bibliography and Index of Geology (GEOREF)

Smithsonian Science and Information Exchange (SSIE)

I-5



Center for Natural Areas
NORTHEAST OFFICE: Box 98, South Gardiner, Maine 04359 (207) 582-4205%

March 9, 1978

Dr. Adam Zsolnay
Biostation

St. George's West
BERMUDA 7-1880

Dear Dr. Zsolnay:

The Center for Natural Areas has received a contract from the Bureau
of Land Management to update all environmental literature and data
for a major portion of the Atlantic east coast. I have agreed to
write the chapter for them on the biology and ecology of zooplanktom
of the Comtinental Shelf from Cape Hatteras to Cape Canaveral. I'm
especially interested in learning of receantly published reports, com-
piled field data, and ongoing research project reports that you may
have available. I would appreciate receiving any of these you could
send along for mention or inclusion im this chapter. Although most
of our effort is focused on an update of material after 1974, my
topic of zooplankton also must include a review of earlier data that
could be significant to BIM. The information we are collecting will
be used by BLM to update subsequent oil and gas development of the
ocs., " : -

I have enclosed an abstract of the-study and a brief description out-
line of my topic area. As you cam see, BLM i3 incerested in identi-
fying basic ecological patterns as well as in examining laboratory
and field work emphasizing the effects of hydrocarbons, trace metals,
and overall OCS development of the biota. We would also like to
identify raw data banks, programs in progress, and data gaps in the
study of zooplankton of the Southeastern Coast and Continental Shelf.

I know you are as busy as I am but I would sincerely appreciate it if
vou would take a few minutes to complete the enclosed form and return
it to the Center's address. If you do have reports, papers, or
printed materials you can send, please forward them to me at the
Department of Biological Sciences, 01d Dominion University, Norfolk,
Virginia 23508.

The report resulting from this rather comprehensive inventory and re-
view will be completed by mid-1978. It is our umderstanding that the
report will be published shortly thereafter and available to all com-
tributors.

Thank you for your help.

Sincerely,

Dr. Raymond W. Alden III

A NON-PROMT € TAL NT TION Y AFFILIATED WITH THE SMITHSONIAN (INSTITUTION

RWA/kp

FIGURE I-2. A Sample of Letters Sent to Obtain Literature
and Data.




QNA/BLM CT7-39
November 1977

TOPIC: Zooplankton.
Types of data and reports located at your lab

published

1.
O unpublished reports; theses, M.S., quarterly, progress, etc.
O ongoing research programs

raw :i'ata., unworked samples

2. Study areas (genéral’geographig J.ocaf."ion):
Availability
data, reports‘_ publications will be mailed.

3.
O somscne from _CNA- should vis"it: lab and inventory materials. )
O' X ha:ve no reports or data in the feséarch area taken or analyzed.

Please call me to discuss your request.

Name

Institution/Co.

Phone No.

FIGURE I-3. A Sample of the Request for Literature and Data.
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Center for Natural Areas

NORTHEAST OFFICE: Box 98, South Gardiner, Maine 04359 (207) 582-4205
CNA/BIM CT7-39

A SUMMARY AND ANALYSIS OF ENVIRONMMENTAL INFORMATION ON THE CONTINENTAL
SHELF AND BIAKE PLATEAU FROM CAPE HATTERAS TO CAPE CANAVERAL

by

Center for Natural Areas

ABSTRACT

Background

As part of its responsibility to lease and manage the outer continen-
tal shelf (OCS) seaward of state boundaries for the development of oil
and gas resources, the Bureau of Land Management (BLM) has initiated a
program of environmental studies that assess the effects of develop-
ing thess resources. The beginning of these studies results in the
extansive synthesis of existing literature and anvironmental data. The
Virginia Institute of Marine Science conducted one survey, published
in 1974, that covered this area.

Data in these compilations are now four to five years old and there

are many valuable recent surveys and data bases as well as a totally

new set of ongoing programs. BLM has awarded a contract %o the Center
for Natural Areas to conduct an updated summary and analysis from 1974 o
present (1977) publication of the Virginia Institute of Marine Science
effort.

Cbiectives

The study objectives ara to collect, compile, and analyze publisned,
unpublished, raw data, and cngoing programs of marine environmental
data. The report will be used in the design of anvironmental studies
that 3LM will direct in an attempt to assess and predict the possible
effects of oil and gas development on the marine life and environment.
These objectives are:

—to update data from 1974 to present

==£0 compile and integrate lab and field Jata on petroleum
hydrocarbons and trace merals effacts on organisms

-=to identify data gaps

=—to identify - sumnarize ongoing oceancgraphic programs

—to identify sources of raw data and unworked samples

A 1T ENV TAL MANAGEMENT CORPORATION AFFILIATED WITH THE SMITHSONIAN INSTITUTION

FIGURE I-4. Project Abstract Sent In With Letters




ABSTRACT, cont. -2~ CNA/BIM CT7-39

Topical Areas on which we need information are:
GEOLOGY - structures, sediments, bathymetry, sconomic, hazards

CHEMISTRY - hydrocarbon-trace metal for water, sediment, biota,
atmosphere

BIOLOGICAL -~ phytoplankton, zooplankton, neuston, nekton, benthos,
commercial/sport fisheries, benthic flora, mammals, birds,
threateaned or endangered speciss, microbiology, marine turtles

OCS USES - transportation, dump sites, cables, mining, military
UNIQUE/ENDANGERED ENVIRONMENTS

TOXICITY AND HEALTH STUDIES - lab and field evaluations of hydro-
carbon and trace metals

The CNA study is a ten-month effort being conducted through the 3outh
Gardiner, Maine office and the Washington, D. C., office. For

further information, contact Mr. William C. Reed, Center for Natural
Areas, Box 98, South Gardiner, Maine (207) 582-420S5; or Mr., John Noble,
Center Zor Natural Areas, 1525 ¥New Hampshire Avenue, N. W,, Washington,
D.C. (202) 265-0066.

Inquiries to the Bureau of Land Management may be made to Dr. Richard
Defenbaugh, U. S. Department of Interior, New Orleans Outer Continental
Shelf Office, Suite 841, Hale Boggs Federal Building, 500 Camp Street,
New Orleans, Louisiana 70130,

FIGURE I-4 Cont.




National Inventory of Biological Monitoring Programs
(BIOMON)

Because of the project's focus on descriptive environmental
information specific to the southeastern coastal and shelf area,
the approach used in contacting these computer files concentrated
on the use of geographic descriptors and date. Although most
references obtained appeared wuseful, the total aumber of
references received was disappointingly small.

The EDBD search produced 311 references to sources of data
collected and archived by researchers conducting work in the study
area since 1973. The ROSCOP search, which identified scientists
who have collected oceanographic samples using federal funding,
produced descriptions of eight cruises. Like EDBD, the ROSCOP
file can be accessed by geographic coordinates and date; thus, all
references applicable to the project area and time period should
have been received.

Two searches were run through The National Inventory of Biological
Monitoring Programs. The main data base provided 35 project
summaries relevant to the study area, while the mini-BIOMON
produced 281 project summaries.

The SSIE search produced 300 notices of research projects relevant
to the study.

The published literature files searched produced the following
overall results: BA-37 citations; CA-9 citations; 04-95
citations; NTIS-108 citations; and GEOREF-129 citationms.

Varying amounts and types of materials were received from the
National Oceanographic Data Center (NoDC), Environmental
Protection Agency, National Oceanic and Atmospheric
Administration, Bureau of Land Management, National Marine
Fisheries Service, U. S. Army Corps of Engineers, U. S. Fish and
Wildlife Service, and the U. S. Geological Survey.

TASK 2: Data Evaluation

Task 2 essentially began as the information started to flow from
the various data banks to CNA. As a result of new information
obtained from the data banks, a second round of letters was sent
by many of the investigators in order to gather specific materials
for thelr respective chapters. In many cases, principal
investigators also made site visits to key data repositories in an
effort to supplement project files and fill specific data gaps.

I-10



Concurrently, CNA began to formulate the precise guidelines for
chapter subjects, including the written and graphic formats. All
authors were asked to furnish a final outline of their respective
chapters in order for CNA to insure that the necessary topics were
being covered.

TASK 3: Synthesis of Data - Final Report

Following submission of the individual chapter outlines and
subsequent approval, all investigators/authors submitted their
first drafts for CNA editing and review. The drafts were reviewed
to insure that each chapter complied with BLM specifications as
stated in contract AA550-CT7-39 and assumed as uniform a format as
possible.

5.0 ORGANIZATION OF THE REPORT

The report is essentially organized as set forth in RFP AA550-RP7-
11, wusing the chapter breakdown by disciplines. The basic
arrangement of the final report is into three volumes. These are
(1) the basic subject chapters (I through XIX), (2) Master
Bibliography, Index, and Acknowledgements, and (3) Appendices,
including Ongoing Research and Programs, Data Gaps, and Raw Data.
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We are especially indebted to the contributing authors who gave
willingly of their time and particular expertise, and without whom
we could not have completed this report. The following are
acknowledged and arranged by respective topic areas.

Marine Geology
Dr. Vernon J. Henry
Skidaway Institute of Oceanography

Chemistry
Dr. Herbert L. Windom

Dr. Richard F. Lee
Dr. Larry P. Atkinson
Skidaway Institute of Oceanography

Phytoplankton and Neuston
Dr. Harold G. Marshall
01d Dominion University

I-11



Zooplankton
Dr. Raymond Alden III

0ld Dominion University

Nekton
Dr. F. John Vernberg
Ms. Donna Z. Mirkes
Belle W. Baruch Institute for Marine Biology
and Coastal Research

Benthos
Dr. Donald F. Boesch
Virginia Institute of Marine Science

Commercial and Sport Fisheries
Dr. F. Douglas Martin
Chesapeake Biological Laboratory

Marine Benthic Flora
Dr. Harold J. Humm
University of South Florida

Marine Mammals
Lois K. Winn
Howard E. Winn
J. Lawrence Dunn
University of Rhode Island

David K. Caldwell

Melba C. Caldwell

University of Florida, Biocommunication
and Marine Mammal Research Facility

Marine Birds
Dr. Dennis W. Forsythe
The Citadel

Mr. Paul R. Adamus
Center for Natural Areas

Marine Turtles
Dr. Archie F. Carr
Dr. Dale R. Jackson
University of Florida, Dept. of Zoology

Dr. John B. Iverson
University of Florida, Florida State Museum

I-12



Endangered or Threatened Species

Mr. James R. Hynson
Center for Natural Areas

Microbiology
Dr. Carl W. Erkenbrecher
0l1d Dominion University

Dr. Rita F. Colwell
University of Maryland

0CS Uses
Mr. Stephen W. Tibbetts
Center for Natural Areas

Unique or Endangered Environments
Mr. David W. Laist
Mr. Thomas E. Bigford
Center for Natural Areas

Toxicity and Health Studies
Dr. John M. Frazier
Johns Hopkins University

Project Synthesis
Dr. Rezneat M. Darnell
TerEco Corporation

Dr. Donald F. Boesch
Virginia Institute of Marine Science

Center for Natural Areas Staff

William C. Reed, President and Project Manager
Patricia E. Ryan, Project Coordinator

Thomas E. Bigford, Data Collection

Judith A. Crossman, Word Processing

Terrence DeWan, Graphics Coordination and Production
Glenn C. Hazelton, Graphics Coordination and Production
David W. Laist, Data Coordination and Collection
Kathleen S. Palmer, Word Processing

Priscilla J. Slack, Word Processing

I-13



II. GEOLOGY

Dr. Vernon J. Henry, Jr.
University of Georgia
Mr. Robert T. Giles
Skidaway Institute of Oceanography
Savannah, Georgia

1.0 INTRODUCTION

1.1
1.2

—
* o
S~ W
&

Ob jectives

Evaluation of Source Materials
1.2.,1 Published Reports
Unpublished Reports
Ongoing Research Programs
Raw Data, Unworked Samples
Other

ormation Gaps

eral Description

1 Location

2 Geologic History

3 Regional Physiography

4

5

6

P b et s
O e o o
s o o
N

L]
PSRRI MNONNNN
L)

Regional Structure
Regional Stratigraphy
Econonmic Geology

Pt e ek ot et e
. o

2.0  CONTINENTAL SHEL?-SUBZONE I--CAPE HATTERAS TO
WINYAH BAY
2.1 Description

2.2

2.1.1 Structures
2.1.1.1 Bottom
2.1.1.2 Subbottom
2.1.1.3 Previous/Ongoing Research
2.1.2 Stratigraphy
2.1.2.1 Geologic History
2.1.2.2 Previous/Ongoing Research
2.1.3 Sediments and Sedimentary Processes
2.1.3.1 Sediment Distribution
2.1.3.2 Sedimentary Processes
2.1.3.3 Previous/Ongoing Research
2.1.4 Bathymetry
2.1.4.1 Physiography
2.1.4.2 Previous/Ongoing Research
Economic
2.2.1 Petroleum
Sand and Gravel
Aquifers
Geothermal

NN

t2l
l2l
02.

S LN

II-1
II-1
I1-1
II-1
I1-2
I1-2
II-5
II-5
II-5
I1-8
II-8
II-8
II-10
II-17
I1-22
I1-22

I1-27
II1-27
I1-27
I1-27
I1-32
I1-32
II-36
I1-36
I1-37
I1-37
II-37
II-37
II-38
I1-39
II-39
II-39
I1-39
II-39
II-39
II-39
II-40



2.2.5 Heavy Minerals I1I-40
2.2.6 Phosphate II-40
2.2.7 Other II-40
2.2.8 Previous/Ongoing Research 1I-40
2.3 Potential Hazards 1I-40
2.3.1 Seismicity/Earthquakes II-40
2.3.2 Sediment Movement/Properties II-41
2.3.2.1 General I1I-41
2.3.2.2 StormRelated Conditions II-41
2.3.3 Drilling Hazards 1I-41
2.3.3.1 Geopressures II-41
2.3.3.2 Aquifer Contamination/Drawdown II-44
2.3.3.3 Previous/Ongoing Research II-44

3.0 CONTINENTAL SHELF-SUBZONE II--WINYAH BAY TO
ST. JOHNS RIVER 1I-44
3.1 Description : I1-44
3.1.1 Structures I1-44
3.1.1.1 Bottom I1-44
3.1.1.2 Subbottom I1-46
3.1.1.3 Previous/Ongoing Research II-49
3.1.2 Stratigraphy 1I-49
3.1.2.1 Geologic History II-54
3.1.2.2 Previous/Ongoing Research 1I-56
3.1.3 Sediments and Sedimentary Processes II-56
3.1.3.1 Sediment Distribution II-56
3.1.3.2 Sedimentary Processes II-56
3.1.3.3 Previous/Ongoing Research II-59
3.1.4 Bathymetry II-60
' 3.1.4.1 Physiography I1-60
3.1.4.2 Previous/Ongoing Research II-60
3.2 Economic II-60
3.2.1 Petroleum II-60
3.2.2 Sand and Gravel II-61
3.2.3 Aquifers II-61
3.2.4 Geothermal 1I-61
3.2.5 Heavy Minerals 1I-65
3.2.6 Phosphate II~-65
3.2.7 Other 1I-65
3.2.8 Previous/Ongoing Research 1I-65
3.3 Potential Hazards I1-65
3.3.1 Seismicity/Earthquakes 1I-65
3.3.2 Sediment Movement/Properties II-65
3.3.2.1 General IT-66
3.3.2.2 Storm—Related Conditions I1I-66
3.3.3 Drilling Hazards II-66
3.3.3.1 Geopressures , 1I-66

3.3.3.2 Aquifer Contamination/Drawdown 1I-68



3.3.4 Previous/Ongoing Research

4,0 CONTINENTAL SHELF-SUBZONE III-ST. JOHNS RIVER TO
CAPE CANAVERAL
4,1 Description

4,1,1 Structures
4,1.1.1 Bottom
4,1.1.2 Subbottom
4.,1.1.3 Previous/Ongoing Research
4,1.2 Stratigraphy
4,1.2.1 Geologic History
4,1.2.2 Previous/Ongoing Research
4.,1.3 Sediments and Sedimentary Processes
4,1.3.1 Sediment Distribution
4,1.3.2 Sedimentary Processes
4,1.3.3 Previous/Ongoing Research
4.,1.4 Bathymetry
4,1.4.1 Physiography
4,2 Economics
4,2.,1 Petroleum
4,2.2 Sand and Gravel
4,2.3 Aquifers
4,2.4 Geothermal
4.2,5 Heavy Minerals
4.2.6 Phosphate
4,2.7 Other
4,2,8 Previous/Ongoing Research
4,3 Potential Hazards
4.3.1 Seismicity/Earthquakes
4.3.2 Sediment Movement/Properties
4,3.2.1 General
4,3.2.2 StormRelated Conditions
4.3.3 Drilling Hazards

4.3.3.1 Geopressures
4.3.3.2 Aquifer Contamination/Drawdown
4.,3.3.3 Previous/Ongoing Research

5.0 BLAKE PLATEAU
5.1 Description

5.1.1

5.1.2

5. 1.3

Structures

5.1.1.1 Bottom

5.1.1.2 Subbottom

5.1.1.3 Previous/Ongoing Research
Stratigraphy

5.1.2.1 Geologic History

5.1.2.2 Previous/Ongoing Research
Sediments and Sedimentary Processes
5.1.3.1 Sediment Distribution

I1-68

II-68
I1-68
II-68

II-68
II-69

I1-69
I1-69
II-70
II-70
II-70
II-70
I1-70
II-70
IT-71
II-71
11-71
IT-71
1I-71
I1-71
II-71
I1-72
I11-72
II-72
II-72
II-72
I1-72
I1-72
I1-72
I1-72
I1-72
II-73
II-73
I1-73

I1-73
I1-73 -
I1-73
II-73
II-75
I1-75
II-77
I1-77
II-79
II-79
I1-79



5.2

5.3

«1.3.2 Sedimentary Processes
«1.3.3 Previous/Ongoing Research
athymetry

.l.4.,1 Physiography

«l.4.2 Previous/Ongoing Research
Petroleum

Geothermal

Phosphate

Manganese

Other

Previous/Ongoing Research

Seismicity/Earthquakes

Sediment Movement/Properties
5.3.2.1 General

5.3.2.2 StormRelated Conditions
Drilling Hazards

5.3.3.1 Geopressures

5¢3.3.2 Aquifer Contamination/Drawdown
5.

3.3.3 Previous/Ongoing Research

* 6.0 REFERENCES CITED

I1I-79
II-79
II-79
II-79
1I-80
II-80
II-80
II-80
II-80
1I-80
I1I-84
I1I-84
I1I-84
1I-84
11-84
II-84
I1I-84
I1I-84
II-84
1I-84
II-84

I1-85



1.0 INTRODUCTION

l.1 Objectives

The primary objectives of this chapter are

~ to update the report on geological oceanography presented
in the Virginia Institute of Marine Science (VIMS,1974)
literature study of the South Atlantic outer continental
shelf area

- to identify data gaps

- to identify and summarize unpublished and/or ongoing geo-
logical studies

= to identify sources of raw data and unworked samples

In addition to being a survey of pertinent geological literature,
this study has attempted to evaluate, analyze and interpret the
material as it relates to the overall study objectives described
in Chapter I. Special effort has been made to complement, but not
unnecessarily duplicate, the VIMS study. As a result, emphasis
has been placed on literature dating from 1974 and it is suggested
‘that in some instances the reader may want to refer to the VIMS
report for a more detailed reference to earlier material.

In order to avoid redundance, a regional discussion of each topic
is given in Section l.4 General Description that serves as back-
ground information for each of the four Subzones of the study.
The discussion of each Subzone will be based whenever possible
only on material published after 1973, or that was not described
in the VIMS study.

1.2 Evaluation of Source Materials

l1.2.1 Published Reports

In the four years since the VIMS report (1974) most of the geolog-
ical publications have been generated by regional surveys carried
out by or through the sponsorship of Government agencies --
principally the Department of the Interior and the Department of
Commerce -- and provide the bulk of the source materials for this
report.

Most of the background and general information and much of the
specific data concerning the geology of the South Atlantic conti-
nental margin and Blake Plateau is presented in Volume 1IV:
Geological Oceanography in the Virginia Institute of Marine
Science environmental baseline summary (Zeigler and Patton,
1974); the U. S. Geological Survey Open—File Report 75-411 (Dil~
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lon, Girard, Weed, Sheridan, Dolton, Sable, Krivoy, Grim, Robbins,
Rhodehamel, Amato and Foley, 1975) and the Bureau of Land Manage-
ment final environmental impact statement for the proposed South
Atlantic Outer Continental Shelf Sale No. 43 (U. S. Department of
the Interior, Bureau of Land Management, 1977).

Reflecting their level of activity in the South Atlantic region
since 1974, the U. S. Geological Survey has collected the prepon-
derance of definitive geological data publically available for
that region both from in-house operations as well as through
contracts or cooperative efforts with state agencies, academic
institutions and private industry (Figure II-1).

Through a memorandum of understanding with the Bureau of Land
Management, the Survey's investigations have centered around
resource assessment, geologic hazards, and structural/strati-
graphic studies of the coastal plain, continental margin and Blake
Plateau (Figure II-2). A summary of these operations and a list
of publications during FY75 and FY76 is given by Behrendt (1977).
Several of the publications cited are program abstracts of papers
presented at annual meetings of the principal earth science
societies and several more are in press.

In addition to the Department of the Interior's activities, other
federal agencies such as the Department of Commerce (NOAA, NOS,
NMFS, and CZM), the Department of the Army (CERC), the National
Science Foundation, and the Energy Research and Development
Administration have been, or are presently involved, or sponsor
studies that directly or indirectly relate to the geology of the
South Atlantic region. Relevant publications that have resulted
from such studies are discussed in appropriate Subzone sections.

1.2.2 Unpublished Reports

Response to questionnaires indicates that relatively few reports
of this nature exist. Most of the unpublished material is in the
form of status or progress reports relating to investigations by
the U. S. Geological Survey and cooperating agencies. Pertinent
information is cited in the appropriate Subzone discussion.

1.2.3 Ongoing Research Programs

Again, most of the studies in progress relate to Bureau of Land
Management/U. S. Geological Survey programs on the South Atlantic
outer continental shelf. Ongoing programs of the Survey are
listed and described by Behrendt (1977). Regarding the South
Atlantic region, five projects are relevant and concern resource
assessment, petroleum geology and potential, enviroumental studies
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and assessments related to oil spills, and pollution associated
with oil exploration and development.

A benchmark envirommental study of the South Atlantic Bight was
carried out by Texas Instruments, Inc. under contract to the
Bureau of Land Management (Figure II-3). This project, initiated
in late 1976, was primarily biological and chemical in nature but
also collected suspended and bottom sediment data for the U. S.
Geological Survey (Texas Instruments, 1977).

Bathymetric mapping of the shelf and continental margin at a scale
of 1:250,000 is in progress by the National Ocean Survey (NOS)
(Figure I1I-4). To date 13 sheets have been completed in the
project area: Beaufort, North Carolina; Cape Fear, North Caro-
lina; Georgetown, South Carolina; Savannah, Georgia; Brunswick,
Georgia; Jacksonville, Florida; Blake Spur; Harrington Hill; Hoyt
Hills; McAlinden Spur; Richardson Hills; and Stetson Mesa.

Pertinent ongoing research programs are cited in the appropriate
Subzone discussion.

l.2.4 Raw Data, Unworked Samples

Most of the raw data, including unworked samples, relate to
ongoing programs. Pertinent information in this category is
discussed in the appropriate Subzone section.

1.2.5 Other

Other source materials relevant to this study include annual
summaries of marine activities in progress in the Carolinas,
Georgia and the northern part of Florida by academic institutions
and state and federal agencies (Coastal Plains Center for Marine
Development Services, 1977); the Conference/Workshop Proceedings
of the Bureau of Land Management's Environmental Studies Progran
for the South Atlantic Outer Continental Shelf Area held in
Atlanta, Georgia in 1975 (Massoglia, 1976); list of publications
for the U. S. Geological Survey (U. S. Department of the Interior,
Geological Survey, 1974-76) and the final SCOPE products report
(Norris, 1976).

1.3 Information Gaps

Relative to the South Atlantic region in general, the need for
additional information beyond that expected to be provided by
ongoing or just completed programs includes additional shallow and
deep core drilling to ground-truth existing seismic data; detailed
mapping of the sea bottom; seasonal process response and time
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series studies of representative bottom types, particularly during
medium and high energy conditions; studies of geotechnical proper-
ties of bottom and subbottom sediments, particularly relating to
slope stability; topical studies relating to onshore effects of
oil and gas exploration and production; investigations concerning
the presence of aquifers under the shelf and the effects of
drilling or mining on water quality; evaluation of the relation
ship between geothermal gradients and seismic activity; studies
defining the occurrence, value and accessibility of mineral
deposits and environmental implications of mining them; and
detailed examination of the topography and shallow sediments of
the Blake Plateau.

The concepts and rationale for process studies and environmental
management have been very well described by Stanley (1969),
Stanley and Swift (1976), and Gorsline and Swift (1977).

Data gaps of a more site-specific nature are described in appro—-
priate sub-sectiouns.

l.4 General Description

l.4.1 Location

The geographical area covered by this study extends from Cape
Hatteras, North Carolina to Cape Canaveral, Florida, and from the
spring tide line to the 1,500m isobath. Relative to the 1974 VIMS
study, this work does not include the coastal plains (emergent
shelf) of the respective states. Based on contrasting develop-
mental history and processes, the study area is divided into four
Subzones: Subzone I, extending from Cape Hatteras, North Carolina
to Winyah Bay, South Carolina; Subzone II, extending from Winyah
Bay to St. Johns River, Florida; Subzone III, extending from St.
Johns River to Cape Canaveral, Florida; and Subzone 1V, which
approximately covers the Blake Plateau (Figure II-5).

1.4.2 Geologic History

Little is known about the pre~Paleozoic geologic history of the
South Atlantic outer continental shelf and Blake Plateau. A
continuous magnetic high on or near the continental slope, shown
in detail on maps compiled by Klitgord and Behrendt (1977b) has
been reported by Taylor, Zietz and Dennis (1968) to possibly
result from an igneous intrusive that parallels the edge of the
pre-Paleozoic continental landmass. They interpret the magnetic
data as suggesting that Florida and part of Georgia were added to
the paleo-continent in pre—-Paleozoic time.
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FIGURE II-5. 1Index map showing study area subzone divisions.

(From Zeigler and Patton, 1974).
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The following summary of the Late Paleozoic through Quaternary
geologic history is from Dillon et al. (1975).

According to Pitman and Talwani (1972) and Mattick, Foote, Weaver
and Grim (1974), collision of the North American and African
continental plates during the Late Paleozoic followed by plate
separation during the Late Triassic resulted in the basic struc-
tural and sedimentary configuration of the present continental
margin and led to the formation of the Atlantic Ocean as it now
exists (Figure II-6). Regional uplifting with associated block
faulting occurred during the Late Triassic along Paleozoic fault
patterns and resulted in a major rift system which later formed
the Mid-Atlantic Ridge (Talwani, LePichon and Ewing, 1965; Mayhew,
1974; Olson, 1974). During Late Triassic-Early Jurassic time,
extensive evaporite deposits were formed in the rift valleys along
the margins of the narrow ocean that may now exist seaward of Cape
Hatteras and underlie the Bahamiam Platform and the Blake Plateau
(Sheridan, 1974; Olson, 1974).

The Atlantic Ocean widened during the Late Jurassic, and evaporite
deposition was followed by carbonate sedimentation alomng the
subsiding continental margin, possibly facilitated by a ridge
beneath the present outer Blake Plateau behind which terrigenous
sediment accumulated and on which extensive reef development
occurred. On the relatively stable and shallow continental margin
south of Cape Hatteras, carbonate deposition continued throughout
the Cretaceous, although by mid-Cretaceous time the trough behind
the marginal ridge was filled and sediments began to flow over it
to form the continental slope (Figure II-7). By late Cretaceous
or early Cenozoic time, the Blake Plateau had subsided to bathyal
depths and the Atlantic Ocean had widened to approximately two-
thirds of the present distance between Africa and North America
(Emery and Uchupi, 1972; Olson, 1974).

During most of Tertiary time the continental shelf continued to
subside, in some areas as much as 10-12km, but deposition general-
ly kept pace with subsidence creating shallow marine enviromments
(Sheridan, 1974). Major regression may have occurred during the
Oligocene and Pliocene, during which time sediments prograded
across the shelf (Emery and Uchupi, 1972). Such oscillations were
repeated several times during the Quaternary as a result of
fluctuation in the volume of continental ice sheets.

l.4.3 Regional Physiography

The major physiographic elements of the South Atlantic continental
margin of the United States are the continental shelf, the
Florida-Hatteras Slope and the Blake Plateau (Figure II-8).
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FIGURE II-8. Physiographic provinces of the continental margin
off the east coast of the United States (Uchupi,
1970).
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The continental shelf ranges in width from approximately 33km off
Cape Hatteras to a maximum width of 135km off the Georgia coast.
Shelf width off Cape Canaveral is approximately 50km. Large shelf
topography consists of sand ridges, trending at low angles to the
coast (Figure II-9); seven or more terraces subparallel to the
present shoreline and thought to be old strandlines; and numerous
algal banks (along the Carolina coast) and other hard or "live”
bottoms that occur on scattered outcrops across the shelf and as
an intermittent ridge along the shelf edge (Dillon et al., 1975).
The shelf gradient is generally less than 0°10' and the depth
along the shelf break varies from 50m to 70m.

The Florida-Hatteras slope is intermediate between the shelf and
the Blake Plateau. Although slope gradients rarely exceed 1°
(7m/km), irregular topography is present that could be relict
and/or related to slumping, canyon formation, and erosion by the
Gulf Stream. Such topography is particularly well displayed on
the northern segment of the slope. Off the Carolinas the
Florida-Hatteras Slope merges with the Blake Plateau and Escarp-
ment.

The third principal physiographic feature of the U. S. South
Atlantic continental margin is the Blake Plateau. This feature is
270km wide along its southern margin where it is bounded by the
Great Abaco Canyon and Little Bahama Bank, and wedges out to the
north along the continental slope off the Carolinas. The Florida-
Hatteras Slope and the Blake Escarpment form the western and
eastern boundaries, respectively. The Plateau ranges in depth
from 600-1200m, the deeper portion being to the southeast in the
vicinity of Great- Abaco Canyon. Greatest relief and surface
irregularity on the Plateau occurs along the base of the Florida-
Hatteras Slope, particularly in the northern portion and essen—
tially lies beneath the axis of the Gulf Stream (Figure II-10).
The rough topography is thought to primarily result from erosion
by the Gulf Stream rather than tectonic activity (Zeigler and
Patton, 1974). However, Holocene slumping and deltaic outbuilding
during the last low stand of sea level probably are significant
contributors to present topographic expression. The origin of the
prominent Blake Nose or Spur which extends northeastward from the
Blake Escarpment is not certain, although slumping or depositional
processes have been suggested as possible factors in its formation
(Pratt, 1971). The Blake Outer Ridge, trending southeastward from
the north end of the Plateau, appears to be aligned with the axis
of the Cape Fear Arch and may be genetically related to that
structure (Hersey, Bunce, Wyrick and Dietz, 1959), although origin
as a depositional ridge associated with an earlier, lower sea
level position of the Gulf Stream also has been suggested (Ewing,
Ewing and Leyden, 1966).
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FIGURE II-9.

Sand swells on the gontinental
shelf (Uchupi, 1968).
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The surface sediments on the South Atlantic continental margin
have been described by Milliman (1972) and Hollister (1973). No
regional studies newer than 1973 have been published, although
several detailed investigations have been carried out in the past’
several years that concern more restricted areas of the shelf.
The results of these studies are discussed in appropriate Subzone
sections.

A summary of regional sediment distribution by Dillon et al.
(1975) states that the shelf and slope are veneered in large part
by sand with silt comprising 20-40 percent of the sediment, the
latter amount principally being present on the slope. Gravel forms
less than 10 percent of the surface sediment and is limited to a
few areas of the Blake Plateau beneath the Gulf Stream, probably
as lag material (Figure II-1l1).

Carbonate content increases southward and offshore while high
feldspar content inshore indicates influence of rivers. Glauco-
nitic sands and montmorillonitic and kaolinitic clays characterize
the shelf and slope (Figure II-12).

l.4.4 Regional Structure

The major structural elements of the South Atlantic Region are the
Cape Fear Arch, the Southeast Georgia Embayment and the Peninsular
Arch (Figure I1I-13). A very good description of these features
together with a summary of pertinent literature prior to 1975 is
given by Dillon et al. (1975).

The principal structure relative to petroleum potential in the
South Atlantic region 1is the Southeast Georgia Embayment, an
eastward plunging depression between. the Cape Fear Arch and the
Peninsular Arch. As indicated in Figure II-14, the deepest part
of the Embayment exceeds 5km on the outer shelf just south of 30°
N (Schlee, Martin, Mattick, Dillon and Ball, 1977). The Cape Fear
Arch is a southeast plunging basement nose extending under the
continental shelf and Blake Plateau. There is an inferred rela-
tionship to the Blake Outer Ridge. Dillon et al. (1975) also
described the Burton High, the Stono Arch and the Yamacraw Uplift
(or Ridge), structural features associated with the south flank of
the Cape Fear Arch.

Since 1975, cooperative Common Depth Point (CDP) multichannel
seismic surveys have been carried out by the U. S. Geological
Survey, the University of Texas Marine Science Institute and the
Institute Francais du Petrole (Dillon, Fail and Cassand, 1976;
Dillon, Paull and Buffler, 1977; Krivoy and Eppert, 1977; Dillon,
Paull, Buffler and Fail, 1978; and Shipley, Buffler and Watkins,
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1978) (Figure II-15). Also, the Lamont-Doherty Geophysical
Observatory has recently completed a multichannel seismic survey
of the Blake Outer Ridge, the southern Blake Plateau-Bahama
Platform and the Florida Shelf-Bahama Platform (Bryan, 1978,
personal communication). The results of integrating the multi-
channel data with U. S. Geological Survey aeromagnetic data have
been reported by Behrendt (1975) and Klitgord and Behrendt
(1977a). A geologic interpretation of the structure of the
Southeast Georgia Embayment is being prepared by Buffler, Watkins
and Dillon (Buffler, 1978, personal communication).

l.4.5 Regional Stratigraphy

The Southeast Georgia Embayment is a transitional zone between a
non~carbonate depositional province north of Cape Hatteras and the
Florida-Bahamas carbonate province. Olson and Glowacz (1977)
summarized the stratigraphy of the coastal plain portion of the
South Atlantic region (Figure II-16) and showed the generalized
geology and basement rock surface of South Carolina and vicinity
(Figure II-17). Hathaway, Schlee, Poag, Valentine, Weed, Bothner,
Kohout, Manheim, Schoen, Miller and Schultz (1976) discussed the
stratigraphic data obtained by the U. S. Geological Survey Atlan-
tic Margin Coring Project which included four drill holes on the
continental shelf off the Carolinas and Georgia (Figure II-18).
Schlee (1977) described the stratigraphy and Tertiary development
of the continental margin east of Florida based on six holes
drilled during the 1965 Joint Oceanographic Institutions' Deep
Earth Sampling Program (JOIDES) (Bunce, Emery, Gerard, Knott,
Lidz, Saito and Schlee, 1965), and Edsall and Dillon (1977)
reported the results of a detailed high resolution seismic survey
conducted on the continental shelf, Florida-Hatteras Slope and
western Blake Plateau between 29° 30'W and 33° 30'N.

l.4.6 Economic Geology

A summary of the petroleum and mineral resources potential of the
South Atlantic continental margin is given by Dillon et al.(1975).
The geologic setting of the Southeast Georgia Embayment is dis-
cussed with particular reference to the factors that control the
occurrence of oil and gas such as the timely development of
effective traps and the occurrence of depositional environments
that provide source rocks and petroleum reservoirs. The methods
used in appraising the petroleum potential also are described. A
more recent discussion of the petroleum potential of the South
Atlantic region is given in Schlee et al. (1977) where it was
stated that the chance of finding commercial quantities of recov-
erable oil and gas is four in ten. The lack of deep drill hole
information on structures is cited as the major obstacle to
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Mattick, Dillon and Ball, 1977)
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obtaining detailed information concerning petroleum potential.

Resources other than petroleum also have been discussed by Dillon
et al. (1975). These include hard minerals (placer-type depos-
its), sand and gravel, and minerals dissolved in or precipitated
from seawater. By far the largest portion of the total resources
of the continental shelf, including petroleum, are considered to
be undiscovered resources. Although sampling density on the shelf
has been high and indicates a general paucity of hard mineral
reserves, the lack of detailed sampling in areas known to contain
subeconomic deposits places most of the minerals shown in Table
II-1, except for sand and gravel, in the category of “identified
subeconomic resources.”

Sand and gravel, and possibly ceramic muds have intensively, but
not fully, been investigated. Nevertheless, these deposits appear
to be sufficiently abundant to be considered as “"economic re-
serves.”

Details of mineral occurrence in each Subzone are discussed in the
following sections.

2.0 CONTINENTAL SHELF-SUBZONE I--CAPE HATTERAS TO WINYAH BAY

2.1 Description

2.1.1 Structures

2.1.1.1 Bottom

Organic

Two categories of organic structures that occur throughout Subzone
I, those located on the shelf and those near the shelf edge, are
discussed by several authors: Pearse and Williams (1951); Menzies,
Pilkey, Blackwelder, Dexter, Huling and McCloskey (1966); Zarudzki
and Uchupi (1968); Macintyre and Pilkey (1969); Newton and Pilkey
(1969); Macintyre and Milliman (1970); Huntsman and Macintyre
(1971); Newton, Pilkey and Blanton (1971); Pilkey, Macintyre and
Uchupi (1971); Uchupi (1974); and Dillon et al. (1975). Terms
commonly used in the literature to refer to a variety of bottom
structures reflect the interest of investigators such as commer-
cial and sports fishermen, biologists and geologists. Among the
more common terms are: live bottom, hard bottom, coral patches,
fishing banks, snapper banks, black rocks, limestone reefs and
lithothamnion reefs.

Numerous patch reefs occur on the shelf and are particularly
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TABLE II-l.

. Material

Anhydrite

Manganese nodules - including
trace elements: Ni, Cu, Co, Sn,

Fe, 2n, Ag, Ba, Al, B, Ti, V,

Ar and many others

Ilmenite, monazite, zircon, rutile,

staurolite, kyanite, sillimanite,
and garnet

Copper and zinc (chalcopyrite
and sphalerite minerals)

Sand, gravel and mud

Glauconite

Carbonate

Data sources for resources other than oil and gas
for the Atlantic OCS.

(From Dillion et al., 1975)

Selected Data Sources

Stanley, Swift and Richards (1967);
McKelvey and Wang (1969), p. 10,

pls. 1 and 4; Manheim (1972b), p. 1l-
13; Milliman (1972); McKelvey, Wang,
Schweinfurth and Overstreet  (1969),
p. SAS53-5A57,

McKelvey and Wang (1969), pl. 4.

McKelvey and Wang (1969}, p. 11,

pl. 1; Horn, Horn and Delach (1973);
Mero (1965), p. 180; Horn (1972),
pP. 10; Manheim (1972b), p. 1ll.

Trumball, Lyman, Pepper and Thomas-
son (1958), p. 52-53; McKelvey

and Wang (1969); Emery and Noakes
(1968) ; Hathaway (1971); Manheim
(1972b), p. 7-11; Ross (1970);
McKelvey, et al., (1963) p. 5Al~
5A117; Manheim (1972b), p. 2, 1ll.

Manheim (1972b), p. 2, 1ll.

Manheim (1972b), p. 13-18, 22;
Schlee (1964, 1968); Schlee and
Pratt (1970); Emery (1965); Duane
(1968) ; Davenport (1971); Taney
(1971) ; Economic Associates, Inc..
(1268) ; Milliman (1972); Ross
(1970) ; McKelvey and Wang (1969),
p. 10; McKelvey et al. (1969),

P. S5A64; Nossaman, Waters, Scott,
Krueger and Riordan, Consultants
(1969); Doumani (1973); Rexworthy
(1968).

McKelvey et al. (1969), p. SA9l.

Hulsemann (1967); Milliman (1972).

II-28




abundant in Onslow Bay (Figure II-19) (Macintyre and Pilkey, 1969;
Huntsman and Macintyre, 1971). Biological assemblages which
consist of sessile invertebrates such as sea fans, sea whips,
hydroids, anemones, ascidians, sponges, bryozoans, and hard corals
are attached to substrates which are hard or rocky formations with
rough, broken or smooth topography. Underwater TV observations
indicate that live bottoms are patchy or localized, which makes
areal description impossible based on existing data. Little is
known about either occurrence or distribution of these areas
(U. S. Department of the Interior, Bureau of Land Management,
1977). '

A series of closely spaced algal reefs less than 10m high dated
about 19,000-24,000 years b.p. discontinuously border the shelf
break (Menzies et al., 1966; Zarudzki and Uchupi, 1968; Uchupi,
1974). They consist of algal rocks which contain small amounts of
lithothamnion balls, worm tubes, and bryozoans and may be inactive
at present. Reefs of this type are found near, at, or slightly
below the shelf break.

Inorganic Macro/Micro-Topography

Macro-topography is made up of those features with greater than
10m relief while micro-topography is relief less than 10m based on
the definition by Uchupi and Tagg (1966).

Since the report by Zeigler and Patton (1974), a study by Mixon
and Pilkey (1976) discusses sand ridges on the shelf off Onslow
and Raleigh Bays. The trend of the ridges suggests that they are
constructional features formed subadqueously on the shelf floor by
storm—generated waves and currents during the latter part of the
Holocene transgression. They are almost certainly being modified
today. In a more detailed study within this same area, Hunt,
Swift and Palmer (1977) report that coast-parallel ridges 10m high
and 5km apart near Cape Hatteras (Figure II-20) have fields of
transverse sand waves up to 7m high on their ridges and troughs.
Three sizes of transverse structures are found, ripples with 10 to
60cm spacing, megaripples with 3 to 6m spacing and dunes with 100m
to 300m spacing.

More detailed bathymetric work needs to be carried out with
sufficient spacing and precision so that a detailed macro/micro-
bottomtopographic map can be prepared for Subzone I,

Brauer (1978, personal communication) has been studying the
feasibility of using wet submersibles for detailed mapping of
bottom topography. This is part of a larger program concerned
with demonstrating the usefulness of wet submersibles in conti-
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nental shelf research programs.

2.1.1.2 Subbottom

Organic

The presence of buried organic structures (such as reefs) in this
Subzone have not been reported.

Inorganic

Few papers published since the report of Zeigler and Patton (1974)
mention the presence of subbottom structures. According to Uchupi
(1974), seismic data indicate that reflecting horizons off Cape
Hatteras generally parallel the present surface of the shelf and
slope, although erosion has modified the surfaces to some extent
(Figure II-21). Off the center of Raleigh Bay, reflectors are
truncated midway down the slope, and near the top of the slope a
buried canyon occurs with relief in excess of 400m. From this
area to south of Cape Lookout, the deeper reflectors continue to
be truncated by the continental slope. These reflectors from near
Cape Fear to Cape Romain have been buried by shallower layers
which have prograded from 20km to more than 100km across the Blake
Plateau.

Dillon et al. (1976) report that Cretaceous sediments are faulted
near Cape Fear.

Talwani, Ressetar, McAleer, Holmes, Grothaus, Findlay, Cable and
Amick (1975) hypothesized, on the basis of gravity and magnetic
profiles, that a Triassic basin capped with basalt flows, or a
diabase sill about 100m thick, is centered near Georgetown, South
Carolina (Figure II-22). The basin, which extends for a few
kilometers east of the shoreline, has an areal extent of about
2500 square km and contains nearly 6km of sediment.

On a smaller scale, several papers have been published which are
concerned with nearshore shallow subbottom structures. The
sedimentary framework of the Cape Fear region has been studied by
Meisburger (1977). Moslow and Heron (1977, 1978) and Hall (in
preparation) report the presence of buried channels between Cape
Lookout and Drum Inlet and in the Bogue Banks area.

2.1.1.3 Previous/Ongoing Research

In addition to the U. S. Geological Survey activities cited in
Section 1.2.3, site-specific studies are in progress.

II1-32



3!

L
'ln..l'.
*

Trrrttr ety

FIGURE II-2l. Location of seismic profiles and positions of

rock samples and holes drilled by JOIDES. (From
Bunce et al., 1965)

I1-33




Km from Shelf-=Break

0
(o]
=]
o

13

HALF TRAVEL Tieg ~BdC.

FIGURE II-2la. Continuous seismic profiles of the continental
margin between Cape Hatteras and Latitude 32 .
(From Uchupi, 1974). Reflector A marks top of

Cretaceous.

II-34




34°

N\ NORTH
JCAROLINA

..

"9 10 20 M1

© 10 20 30kKkm

FIGURE II-22. The Georgetown Gravity Low (GGL) with
profiles superimposed. Points A, B, C, D,
and E locate the seismic refraction lines
of Bonini and Woollard (1960). (From
Talwani et al., 1975).

II-35




Neumann, Hine and Clark (Neumann, 1978, personal communication)
conducted an extensive subbottom profiling program as an initial
phase to identify the sequence of lagoon—marsh infilling behind
the barriers and the extent of tidal-inlet channels in front of
the barriers on the shallow continental shelf. Also, Hine (1978,
personal communication) is collecting high resolution seismic data
off Bogue and Shackleford Banks; and Riggs (1978, personal commu—
nication) is carrying out studies on subbottom estuarine and shelf
structures in the Pamlico Sound area.

2.1.2 Stratigraphy

With regard to published information concerning deep stratigraphic
data in Subzone I, Hathaway et al. (1976) reported on the results
of the Atlantic Margin Coring Program during the course of which
three boreholes (6006, 6005 and 6003) were drilled off Raleigh
Bay, Long Bay and Cape Romain, respectively. The main objectives
of the borings were to determine stratigraphic sequences and the
presence of freshwater aquifers. Core recovery from 6006 was 20m
from a bottom penetration of 89m; from 6005, 1llm from a bottom
penetration of 48m; and 6003, no recovery because the hole was
abandoned. Boring. 6006 bottomed in Pleistocene limestone and
Boring 6005 bottomed in Paleocene calcareous sands and clays. No
other information on deep stratigraphy has been published since
this report. However, Grow, Dillon and Sheridan (1977) report
seven diapiric structures in deep water along the base of the
continental slope southeast of Cape Hatteras. These new data
suggest the possibility of at least a few isolated salt horizons
within the deepest sedimentary units beneath the outer continental
shelf and slope in this area.

Pilkey (1977) reported on shallow stratigraphy determined from 10
vibrocores collected on a transect off Cape Fear. He reports that
the sediment cover is typically less than 5m thick and contains a
late Pleistocene or Holocene molluscan assemblage. Underlying
Tertiary sediments are generally well consolidated. Most of the
sediment cover apparently formed under open shelf conditions
although lagoonal sediments are present in some cores.

Susman (1975) completed a M. S. thesis on the post-Miocene strati-
graphy of Shackleford Banks, and Goff and Ingram (1977), working
in the Pamlico Sound region, determined the presence of a tidal
inlet buried in the shallow subsurface.

2.1.2.1 Geologic History

On the basis of a high resolution seismic study, Welby (1974)
reports that prior to the Holocene much of the coastal area in
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this Subzone must have been open shelf. Extensive channeling
indicates that the area was shoal or exposed subaerially for brief
intervals. Barrier islands, which developed during the Holocene,
trapped much fine sediment behind them.

According to Field and Duane (1976), present barrier islands
probably originated far out on the shelf and retreated landward
with rising sea level. Rate of sea level advance and sediment
supply influenced their development.

Work by Macintyre, Blackwelder, Land and Stuckenrath (1975)
-indicate that a sea level curve recently constructed for this area
(Milliman and Emery, 1968) may contain anomalously deep data
points. Sandstone which occurs on the North Carolina shelf edge,
considered intertidal beach rock, is probably the result of
subtidal submarine lithification. Dillon and Oldale (1977) have
found errors in the sea level rise curve due to subsidence after
formation of samples. No published radiocarbon-dated samples can
demonstrate a Wisconsin sea level lowering of more than 95m
(Dillon et al., 1977).

2.1.2.2 Previous/Ongoing Research

Riggs (1978, personal communication) is conducting research on the
stratigraphy of North Carolina estuaries and nearshore shelf, and
Woolen (1978, personal communication) has collected data concern—
ing the geologic history of the Santee Delta.

2.1.3 Sediments and Sedimentary Processes

2.1.3.1 Sediment Distribution

Literature discussing sediment distribution in Subzone I prior to
1974 was discussed by Zeigler and Patton (1974) and Dillon et al.
(1975). Since that time little information on this subject has
been reported except by Pilkey (1977) who, in a program abstract,
observed that in Subzone I the surficial sediments are a two
component system made up of reworked non-carbonate and modern
unreworked carbonate fractions.

2.1.3.2 Sedimentary Processes

Research on sedimentary processes are divided into two major
categories, those occurring on the open shelf and those occurring
nearshore,

Pilkey (1977) determined that the non-carbonate sand fraction on
the shelf has been repeatedly reworked by transgressions and
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regressions. The carbonate fraction is subaerially removed during
each regression and recharged within the sand body during each
transgression.

An analysis of sediment samples from Pamlico Sound and associated
estuaries by Custer (1974) and Custer and Ingram (1974) indicated
that grain size distribution reflects the proportion of sediment
transported by suspension, traction and saltation, grain size
limits for each population, and waves or currents as the energy
source.

Welby (1974, 1975) and Miller and Berg (1976) report on using
ERTS-1 imagery to study the Cape Fear River plume. Suspended
sediment in the plume acts as a tracer to show how fines are
transported seaward and to what extent this transportation takes
place. Attempts are being made to determine the amount of sedi-"
ment moving through the inlets, by studying ERTS-1 imagery.

Several studies have been completed at North Inlet, South Carolina
by Finley (1975a, 1975b, 1976). He found that beach erosion is a
result primarily of northeast storms and that the shoreline is
transgressive. Only the beach immediately south of North Inlet,
protected by an ebb tidal delta from northeast storm wave ap-
proach, is not being severely eroded. Other authors concerned
with shoreline erosion are Stirewalt and Ingram (1974); Bellis,
0'Connor, and Riggs (1975); 0'Connor and Riggs (1977); and Riggs,
O0'Connor and Bellis (1977).

Surficial sediments in inlets and estuaries are discussed by
Cleneay (1974) and Swift and Sears (1974) and in modern lagoonal
environments by Katuna (1974) and Katuna and Ingram (1974). Other
studies by Brauer (1974); Crowsen and Riggs (1976); Graeser,
Muehlberger and Heron (1976); Nummedal, FitzGerald and Humphries
(1976); and Cleary and Hosier (1977) relate to coastal processes
within Subzone I.

2,1.3.3 Previous/Ongoing Research

Work in progress in Subzone I relates to the distribution of
organic material in various marine environments in the vicinity of
Pamlico Sound (Landis, 1978, personal communication); the role of
microboring organisms in the alteration and destruction of marine
sediments in the North Carolina offshore zone (Perkins, 1978,
personal communication); the effects of winter storms on beaches
and inlets (Conger, 1978, personal communication); the measurement
of beach altitudes at Myrtle Beach, South Carolina (Nelson, 1978,
personal communication); and the definition of major shore zone
types and associated processes, problems and corrective measures
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(0'Connor and Riggs, 1978, personal commuication).

2.1.4 Bathymetry

Detailed bathymetric maps at a scale of 1:250,000 are being
prepared by the National Ocean Survey (NOAA/NOS) under contract to
the Bureau of Land Management (see Section 1.2.3). Also, results
of the SCOPE program of the National Ocean Survey are described by
Norris (1976) (see Section 3.1.4).

2.1.4.1 Physiography

No pertinent papers have been published on the physiography of the
continental shelf and slope in Subzone I since 1974.

2.1.4.2 Previous/Ongoing Research

No bathymetric work was reported in progress. Huntsman (1978,
personal communication) has proposed a bathymetric survey from
Cape Hatteras to Cape Canaveral using a remote, underwater fisher-
ies assessment system (RUFAS).

2.2 Economic
2.2.]1 Petroleum

About 50 deep wells have been drilled along North Carolina's
coastal zone (Richards, 1967) and 11 in South Carolina (Olson and
Glowacz, 1977). Although there were a few shows of petroleum,
none were of economic value (Olson, 1974). The lack of production
in coastal North Carolina has been attributed to a mostly non
marine sedimentary section, while in South Carolina the basement
rock is at a relatively shallow depth (U. S. Department of the
Interior, Bureau of Land Management, 1977).

The need for deep test wells on the shelf represents a serious
data gap in this Subzone.

2.2.2 Sand and Gravel

Zeigler and Patton (1974) stated that sand and gravel may prove to
be the most important commercially exploitable resource on this
portion of the continental shelf. However, no papers have been
published on this subject since 1974.

2.2.3 Aquifers

No information exists concerning offshore aquifers and this lack

I1-39



of information represents a significant data gap.
2.2.4 Geothermal

No papers on geothermal aspects have been published for this area,
constituting another data gap. However, deep wells near Wilming-
ton show a rise of 7.3°C per 100 meter geothermal gradient
(Stewart, Dunn and Heron, 1975) which is approximately three times
above normal geothermal gradient values.

2.2.5 Heavy Minerals

No papers have been published on the offshore occurrence of
economic heavy mineral deposits in Subzone I.

2.2.6 Phosphate

No offshore phosphate deposits have been described since the paper
of Luternauer and Pilkey (1967) as cited by Zeigler and Patton
(1974). ‘
2.2.7 Other

No other geological resources of economic value are reported for
this Subzone.

2.2.8 Previous/Ongoing Research

No information has been obtained concerning active or post-1974
research relating to economic petroleum and mineral resources in
Subzone I.

2.3 Potential Hazards

2.3.1 Seismicity/Earthquakes

For more than 10 years seismic disturbances have been reported in
the Cape Fear area, ranging from booming noises and rattled
objects in homes, to small seiches in Southport Harbor (Stewart et
al. 1975; Stewart and Taylor, 1976; Taylor, 1977). The distur-
bances appear to originate 15-70km offshore, and south and south~
west of Cape Fear.

Inconclusive data based upon anomalous elevation changes, ground-
water anomalies, and earthquake history in the Wilmington—South-
port area suggest a real possibility of a major earthquake in the
next few years or decades (Stewart et al.,, 1975). Southport is on
the Cape Fear Arch, a region active in the geologic past (Fair-
bridge, 1974),
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If the Arch is an active horst with associated normal faulting,
the anomalous conditions may be of no consequence; however, if a
deep thrust or strike slip fault 1is involved, a destructive
earthquake could follow (Scholz, Sykes and Aggarwal, 1973; and
Kisslinger, 1974).

Earthquake activity on the east coast of the United States is
shown in Figure II-23. Figure II-24 compares Charleston prior to
the 1886 earthquake with Wilmington in 1975.

Detailed site-specific, deep seismic studies need to be carried
out in the Wilmington-Southport vicinity.

2.3.2 Sediment Movement/Properties

Sediment movement will generally occur in this area by either
scour or mass movement. The Bureau of Land Management (1977)
states that the dynamic sedimentary environment of this portion of
shelf indicates that scour could be a problem around the supports
of any structures constructed on the shelf.

Layers of clay or patches of lagoonal muds or peats would result
in areas of poor support capabilities.

Slumping occurs on the slope (Dillon et al., 1975) since, as a
result of no subaerial exposure and lacking desiccation, sediments
retain their mobile plasticity.

2.3.2.1 General
Little is known about sediment movement on the continental shelf
and slope in Subzone I and no relevant information on this topic

has been published since 1974 (Zeigler and Patton, 1974).

2.3.2.2 Storm-Related Conditions

At present nothing has been published with respect to scour or
mass movement in response to storms. The lack of such information
represents a significant data gap.

2.3.3 Drilling Hazards

2.3.3.1 Geopressures

At present it is not known whether geopressures will be encounter-
ed by drilling operations on the South Atlantic continental margin
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CASE A CASE B
Charleston, 18686 Wilmington, 1957

YEARS OF LOCAL NEWSPAPER COVERAGE 154 201
POPULATION AT END OF TIMES CONSIDERED ~ 60,000 ~ 60,000
YEARS BETWEEN FIRST KNOWN LOCAL TREMOR AND ABOVE DATES 132 103
TOTAL NUMBER OF LOCAL TREMORS REPORTED 6 5*

LOCAL TREMOR FREQUENCY (EVENTS/YEAR) - 1/22 1/21
LONGEST PERICD OF QUIET BETWEEN TREMORS (YEARS) 45 43
LOCALLY CAUSED DAMAGE*® None None
MAXIMUM LOCALLY GENERATED INTENSITIES (MM) III-1v III-1v
POSTULATED LOCAL FAULTS (GEOPHYSICAL AND OTHER DATA) One or more One or more
DOCUMENTED LOCAL FAULTS (MAPPED IN OUTCROP) None lione
GEOLOGIC CAUSES OF LOCAL SEISMICITY ) Not known  Not known

-

* One of these 5 events was actually a swarm of 5 shocks in one day but is herxe
counted as one event.

**Charleston had some damage in 1811~12 due to a quake originating near llew
Madrid, Missouri--nearly 900 miles away. Also, Wilmington sustained damages

in 1886 due to the large quake originating from the Charleston Area——14S miles
away. These damages are not considered in this table because they wers not due
to local causes. .

NOTE: In the column containing the Charleston data, 4 tremors in the two months
preceeding the 1886 major event are not included because they are considered
foreshocks of the main event and are to be grouped with it. The main Charleston
event was on August 31, 1886. The foreshocks occurred in late June, and one

each on August 27, 28, and 29, They were very small tremors and were not ob-
served by most of the residents. Many who did notice them did not even realize
that they were quakes but thought them to be atmospheric conditions or activities
of the nearby military post. The local Charleston newspaper considered them
with levity, not realizing the destruction to which they were prelude.

FUTHER NOTE: It has been stated in some reports that "Charleston has experienced
over 400 local tremors in the past 200 years."” It must also be added that over
400 of these tremors occurred in the 20 years following the large quake in 1886
and must be considered aftershocks of this event. If Wilmington had such a large
quake, it too might have "400 or more local tremors”, but until the occurrencs

of such an event, on cannot know. In any case, the increased seismicity of
Charleston since 1886 cannot bas cited as evidence that Wilmington is distinctly
different from Charleston from a seismic point of view. The only valid compariscon
of the two areas is to compare Charleston prior to 1886 to Wilmington today.

FIGURE II-24. Two Seismic Histories: Charleston, S. C. in
1886, and Wilmington, N. C. in 1975. (Modi-
fied from Stewart, Dunn and Heron, 1975).
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(U. S. Department of Interior, Bureau of Land Management, 1977).
Register and Peek (1975) state that wells over 180m deep in the
Wilmington-Southport area have piezometric pressures up to 36.5m
above sea level. If this results from active tectonism along the

Cape Fear Arch, geopressures may extend into the offshore region.

2.3.3.2 Aquifer Contamination/Drawdown

Trenching or drilling into aquifers can release artesian flow
and/or cause saltwater intrusion as a result of loss of hydraulic
head (U. S. Department of the Interior, Bureau of Land Management,
1977). Also, the lack of information concerning the location,
depth and distribution of offshore freshwater bearing aquifers
constitutes a serious data gap.

2.3.3.3 Previous/Ongoing Research

The U. S. Geological Survey (Butman, 1978, personal communication)
has deployed instruments for monitoring both bottom sediment
movement and associated physical parameters on the continental
shelf south of Subzone I. No other information has been obtained
concerning drilling hazards in Subzone I.

3.0 CONTINENTAL SHELF-SUBZONE II--WINYAH BAY TO ST. JOHNS RIVER

3.1 Description

3.1.1 Structures

3.1.1.1 Bottom

Organic

Algal limestone ledges crop out along the outer shelf and upper
slope (6 to 10m relief) of the Carolinas and Georgia and support
dense epifaunal communities (Macintyre and Milliman, 1970). Small
patch reefs also occur on the central and inner shelf of Subzone
II (U. S. Department of the Interior, Bureau of Land Management,
1977); however, only one such feature, Gray's Reef, has been
described in detail (Hunt, 1974). This live bottom is located
33km off Sapelo Island, Georgia at a depth of approximately 20m
(relief 6m) and consists of a strongly dolomitized, sandy biomi-
crite substrate heavily encrusted with sessile benthos. The reef
crops out on an otherwise sandy bottom and is of suggested Plio-
cene age (Figure II-25). A similar feature, Rufus Reef, has been
located 127km due east of Savannah Beach, Georgia in 55m of water
and with relief of up to 12m (U. S. Department of Commerce,
National Marine Fisheries Service, 1971). At this time a data gap
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exists concerning the occurrence and distribution of live bottom
areas on the continental shelf.

Inorganic

A limited amount of data have been collected on continental shelf
bottom features since the report by Zeigler and Patton (1974).

Henry and Harding (1978) and Henry, Giles and Harding (1979) in a
geological evaluation of potential pipeline corridors along the
Georgia coast used side scan sonar, UNIBOOM high resolution
subbottom profiler, and fathometer instrumentation to map estua-
rine areas and seaward to Skm offshore (Figure II-26). Signifi-
cant bottom hazards to pipeline siting consisted of large mobile
bedforms and areas of scour which were generally associated with
ebb tidal deltas. Low amplitude sand waves (wave length > 10m)
and low, irregular sand sheets were usually associated with shoal
areas in offshore portions of the survey.

3.1.1.2 Subbottom

Organic

A review of all seismic and coring data published since 1974
indicates no buried organic features in the inner portion of the
continental shelf of Subzone II. However, seismic profiles show
buried, irregular topography along the Upper Cretaceous—Cenozoic
contact near the present shelf break that is thought to represent
reefs or carbonate banks (Buffler, 1978, personal communication).

Inorganic

Since Zeigler and Patton's (1974) data summary, few papers have
been published concerning the presence of inorganic structures
such as faults and slumps in the continental shelf and slope
deposits of Subzone II.

Two arches in this area are discussed. Woolsey (1977) reports an
extension of the Beaufort Arch along the Georgia coast at least as
far south as St. Simons Sound. Colquhoun and Comer (1973) (Figure
I11-27) reported on the Stono Arch, an asymmetric structure inter-
preted to be a low angle reverse fault trending 297° and dipping
southward. An offshore extension of the structure is indicated,
and since no other deformation is known in the region, an associa-
tion may exist with earthquake activity in the Charleston area.

Dillon (1974) reported possible faults off the coast of South
Carolina in Tertiary strata, located on the trend of seismic
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activity which passes through the state.

Recently, Zoback, Healy, Roller, Gohn and Higgins (1978) reported
that normal faults in the coastal plain sediments are currently
active and the associated stress field is tectonic in origin.

3.1.1.3 Previous/Ongoing Research

A recently begun program of the U. S. Geological Survey collected
high resolution seismic, side scan sonar, and underwater closed
circuit television (UCCTV) data in industry interest areas (see
Figure II-3) on the central and outer continental shelf off
Georgia and Florida during the summer of 1978 (Henry, unpublished
data). Although no published data are presently available,
Harding (1978, personal communication) is conducting a side scan
sonar survey of the Georgia continental shelf. Side scan sonar
data obtained by the U. S. Geological Survey in industry interest
sites from mid-shelf to the continental slope off Charleston,
South Carolina and mid-shelf to near the shelf-edge off Brunswick,
Georgia are presently being evaluated (Henry and Giles, 1979).
Also, detailed high resolution seismic and side scan sonar surveys
were carried out in each of the industry interest areas shown in
Figure II-3 by the U. S. Geological Survey Conservation Division
in late 1976 and early 1977. These data are currently being
analyzed (Ball, 1978, personal communication).

3.1.2 Stratigraphy

A discussion of stratigraphy relating to Subzone II is given in
Dillon et al. (1975). Stratigraphy in Subzone II is documented by
core data from several drill holes (McCollum and Herrick, 1964;
Bunce et al., 1965; Hathaway et al., 1976) and vibrocores (Pilkey,
1977). Shallow seismic stratigraphy of the continental shelf has
been correlated with onshore and shallow offshore drill holes from
South Carolina, Georgia and Florida (Henry, Giles and Woolsey,
1973; Hunt, 1974; Woolsey and Henry, 1974; Meisburger and Field,
1975 and 1976; Zupan and Abbott, 1976; Dillon, Paull and Buffler,
1977; Woolsey, 1977; Henry and Harding, 1978; and Henry et al.,
1979).

Uchupi (1974) included six seismic profiles from this Subzone in
his report on the continental margin south of Cape Hatteras
(Figure II~28a and b). He reported that the depth below sea level
to the top of the Cretaceous increases from less than 200 meters
at Winyah Bay to nearly 800 meters at the St. Johns River (Figure
II-29). An isopach map (Figure II-30) indicates the thickness of
Tertiary sediments in this area,
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Dillon and Paull (1978) compiled a map showing the stratigraphy
and structure along the four seismic reflection profiles run
between Cape Romain, South Carolina and Savannah, Georgia.

A veneer of Holocene/Pleistocene sediments generally less than 5m
thick covers most of the Tertiary strata on the central and outer
shelf (Pilkey, 1977). According to Meisburger and Field (1976)
and Pilkey (1977) this sediment cover was probably derived from
substrate erosion during the Holocene transgression.

3.1.2.1 Geologic History

Edsall (1977) reports that periods of non-deposition during the
Tertiary coupled with subaerial exposure of a large portion of the
shelf and subsequent erosion during the Pleistocene has resulted
in numerous unconformities in the outer shelf stratigraphic
record.

In the coastal zone and on the inner continental shelf, trans-
gressions and regressions during early and middle Miocene resulted
in a complex depositional history with sediments being deposited
in a generally shallow, then restricted and later open, marine
environment (Woolsey, 1977). A rapid drop in sea level during the
late Miocene resulted in the formation of an erosional surface
which was reworked during the early Pliocene transgression.
Extensive deltaic deposition occurred during the middle Pliocene
(Woolsey and Henry, 1974; Edsall, 1977). Seismic refraction data
(Dillon et al., 1975) indicate that up to 4,000m of Lower Creta-
ceous and Jurassic and up to 600m of Upper Cretaceous sediments
occur above the seismic basement. In Hole 6004, located 102km
south of Charleston, South Carolina, Upper Cretaceous silty clay
was encountered in the lower 17m of the hole which penetrated to
308m below the bottom (Hathaway et al., 1976). Drill holes on the
inner continental shelf off Savannah Beach, Georgia and Jackson-
ville, Florida (McCollum et al., 1964; Edsall, 1977) showed a
continuity between onshore and offshore stratigraphic units, and
that most of the Tertiary units continue beneath the shelf,
dipping seaward from the coastal plain.

Woolsey and Henry (1974); Meisburger and Field (1976); Abbott
(1978); Henry and Harding (1978); and Henry et al. (1979) have
studied the Cenozoic stratigraphic record of the coastal zone and
inner continental shelf in considerable detail. Plio-Pleistocene
marginal marine to non—marine sands and gravels cover the erosion—
al Miocene surface on the inner shelf, resulting in shallow
structures such as delta foreset beds, incised and buried river
channels, and cut and £ill structures (Meisburger and Field, 1976;
Henry and Harding, 1978; and Henry et al., 1979) (Figure II-3l).
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3.1.2.2 Previous/Ongoing Research

The University of Georgla, Georglia Geological Survey, and the
South Carolina Division of Geology have a cooperating ongoing
program investigating the shallow (< 500m) structures and stratig-
raphy of the lower coastal plain and inner continental shelf of
the respective states (Henry, unpublished data).

3.1.3 Sediments and Sedimentary Processes

3.1.3.1 Sediment Distribution

Regional and 1local studies of the petrology and chemistry of
surficial shelf sediments in Subzone I1 are summarized in the
report by Zeigler and Patton (1974) and Dillon et al. (1975). A
recent investigation of sediments on the Georgia shelf (Kingery,
1973) described the Recent-relict sediment boundary as that.of two
definite lobes of fine sand extending beyond the 1llm depth contour
(Figure I11-32). Previous literature describes the Recent-relict
boundary as a nearly linear feature generally following the 1lm
depth contour with fine sand and medium/coarse sand occurring
landward and seaward of this boundary, respectively. The relict
sediments have been described as palimpsest or autochthonous by
Kingery (1973) and Swift (1976). From a coring investigation on
the continental shelf off the Carolinas, the surficial sediments
have been interpreted as a noncarbonate-palimpsest and carbonate-
Holocene system (Pilkey, 1977) (Figure II-33). Percentages of
silt and clay increase on the slope and carbonate percentages
increase to the south and seaward (Dillon et al., 1975). lLocal
variations in texture and composition occur and are related to
surface morphology and surface exposure of underlying Pleistocene
and Tertiary strata (Howard, Frey and Reineck, 1973; Meisburger
and Field, 1976).

3.1.3.2 Sedimentary Processes

Surficial sediments on the continental shelf were derived from
rivers, carbonate precipitation, authigenic deposition and the
winnowing of Tertiary and Pleistocene outcrops (Dillon et al.,
1975). Holocene paralic deposits form a 30 to 50km wide lens
which straddles the present shoreline with maximum thickness of
30m occurring at the shoreline associated with inlet processes
(Henry and Hoyt, 1968). Much of this sediment is believed to have
been derived from erosion of shelf substrates during the Holocene
transgression (Swift, 1976). Fine-grained surficial sands of the
inner shelf are believed to have been derived from Holocene
transgressive deposits through winnowing and landward transport of
the fine fraction (Meisburger and Field, 1976). There 1is no
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evidence that the major rivers of the coastal plain are delivering
sediment to the present day shelf (Meade, 1969, 1972 and 1976).
However, the lobate patterns of fine-grained sands on the inner
continental shelf of Georgia (Kingery, 1973) suggest that the
Savannah and Altamaha Rivers may have contributed significant
amounts of fine-grained material to the shelf since the last
transgression when sea level approached its present position.

Cross-shelf boundaries are present in carbonate and phosphorite
abundance, iron staining and feldspar anomalies. Milliman, Pilkey
and Ross (1972) suggest this indicates that cross-shelf sediment
transport is more important than lateral transport. However, the
two major lobate patterns of fine-grained sediment are offset to
the south of the Savannah and Altamaha Rivers, respectively
(Kingery, 1973), which also indicates the probability of a south-
ward component of sediment tramsport which might be expected from
the northeast approach of dominant long period waves (U. S. Naval
Weather Service Command, 1970). In the area of shelf sediment
transport an important data gap still exists. Although waves are
generally believed to be an important agent of sediment transport
on continental shelves, the state of the art is still highly
theoretical and subject to continuing debate. Several papers in
Stanley and Swift (1976) address the physics and mechanics of
shelf sediment transport although actual measurements of wave-
induced bottom currents are scarce and qualitative or quantitative
measurements of transport are lacking.

Considerably more attention has been given the movement of sedi-
ment on the shallow shoreface (Dean, 1973, 1976; Oertel,1974;
Komar, 1976; and others). Much of this interest has resulted from
the geometric growth of coastal development and the ensuing
erosional problems. Many coastal areas in Subzone II have severe
localized erosional problems and numerous related studies appear
in the literature. A gradual rise in sea level along the south-
east Atlantic coast (Hicks, 1973) is commonly cited as a primary
cause of erosional problems. However, a significant data gap
still exists because the processes of shallow shoreface sediment
transport also are mostly theoretical. Sediment tracer and
current measurement studies have been very local and 1limited to
"fair weather” conditions. Major sediment transport is likely to
occur during periods of severe storms and hurricanes.

3.1.3.3 Previous/Ongoing Research

Analyses of surface and suspended sediment samples collected
during the South Atlantic Benchmark Program (Texas Instruments,
1977) together with a heavy mineral analysis by Giles (1978,
personal communication) of the samples collected earlier by Howard
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(Kingery, 1973) will provide a better understanding of sediment
distribution and shelf processes.

3.1.4 Bathymetry

Since the summary by Zeigler and Patton (1974) the only publica-
tion concerning bathymetric studies in Subzone II is that by
Norris (1976) describing the results of the Southern Coastal
Plains Expedition (SCOPE) of the National Ocean Survey. The
project operations included hydrographic surveys and sampling of
estuarine and continental shelf bottom sediment; aerial photog-
raphy of the entire coast; tidal, current, temperature, salinity
and suspended sediment observations in selected inshore areas;
physical oceanographic study of tidal characteristics in the deep
sea and on the shelf; and synoptic weather observation.

Detailed bathymetric charts of the South Atlantic region at a
scale of 1:250,000 are being prepared by National Ocean Survey for
the Bureau of Land Management (see Section 1.2.3).

3.1.4.1 Physiography

See Section 3.1l.1l.1, Inorganic, and Section 3.1l.1.3.

3.1.4.2 Previous/Ongoing Research

See Section 3.1.1l.1, Inorganic, and Section 3.1.1.3.
3.2 Economic
3.2.1 Petroleum

An evaluation of petroleum potential in the Southeast Georgia
Embayment is presented in Dillon et al. (1975) and Schlee et al.
(1977). Pre-continental drift suggests an analogy between the
Senegal Basin on the northwest coast of Africa and the Southeast
Georgia Embayment which would offer low potential for hydrocarbon
production. However, the authors believe the South Florida
Embayment to be a more realistic analogy to the hydrocarbon
potential of the Southeast Georgia Embayment. Eight small fields
have been discovered in this structure with low yields (Dillon et
al., 1975). The Lower Cretaceous section is believed to offer the
best hydrocarbon potential in the Southeast Georgia Embayment.

Additional data from South Carolina coastal plain drill holes
(Olson and Glowacz, 1977) have been utilized to demonstrate the
concept of a starved-basin topography within the Southeast Georgia
Embayment with strata progressively thinning offshore. Salinity
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gradients in the embayment also indicate an incomplete flushing of
connate water within rock units (Olson and Glowacz, 1977). Both
of these factors are negative evidence for petroleum potential off
the South Carolina coast. Negative evidence for the occurrence of
gas accumulations was derived from "bright-spot”™ seismic process-
ing (Olson and Glowacz, 1977). Schlee et al. (1977) consider the
primary structural traps to be drape structures above basement
which have been identified from multichannel seismic profiles.

3.2.2 Sand and Gravel

Harding and Woolsey (1975) conducted a reconnaissance survey for
aggregate resources along the northern part of the Georgia coast
including portions of the continental shelf. Potentially economic
sources of sand and gravel were found which consisted of Quatern
ary alluvial deposits and relict gravels of the inmer continental
shelf. The existence of similar deposits can be extrapolated to
the south Georgia coast based on intensive shallow seismic work
(Henry and Harding, 1978; Henry et al., 1979) and to the north
Florida coast (Meisburger and Field, 1975). The latter report
located several deposits of well-sorted sand suitable for beach
restoration.

3.2.3 Aquifers

The principal artesian aquifer (called the Floridan aquifer) has
been discussed in detail (Dillon et al., 1975). The aquifer
consists of Eocene, Oligocene and Miocene limestone and extends
offshore beneath the continental shelf. Chloride content from
1966 data was generally low (< 100 ppm) in the Subzone II region,
although higher chloride contents may be expected locally in the
lower parts of the aquifer. Water levels in the principal aquifer
have declined significantly with the growth of industry in the
past decade. Intense industrial usage in the areas of Savannah
and Brunswick, Georgia has resulted in the upward leakage of
contaminating brackish water in these areas (Wait and Gregg, 1973)
(Figures II-34a,b and II-35). Although there was no evidence of
the lateral encroachment of sea water in the vicinity of Bruns-
wick, Georgia, saltwater enters the aquifer in areas of offshore
exposure and in the sounds of coastal South Carolina and migrates
down the hydraulic gradient toward the cone of depression in the
area of Savannah, Georgia.

3.2.4 Geothermal

There is no known geothermal information for this Subzone.
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3.2.5 Heavy Minerals

No economic deposits of heavy minerals are known to occur in the
offshore areas of Subzone II although good possibility exists for
such occurrences in barrier island deposits (Woolsey, Henry and
Hunt, 1975).

3.2.6 Phosphate

A large phosphate ore body 1is known to exist in onshore and
offshore areas of Chatham County, Georgia. The ore zone may be
over 20m thick in places and consists primarily of Upper Miocene
sediments (Furlow, 1969; Woolsey, 1977). Overburden decreases in
offshore areas where economic phosphate deposits may exist where
the Miocene erosional surface approaches the seafloor.

3.2.7 Other

No information was found concerning any other potentially impor-
tant mineral resources in Subzone II.

3.2.8 Previous/Ongoing Research

Research is presently being conducted on the continental shelf of
Subzone II by Noakes and Harding that concerns the in situ deter-
mination, by neutron activation analysis, of the percentage
occurrence of heavy mineral deposits (Harding, 1978, personal
communication).

3.3 Potential Hazards

3.3.1 Seismicity/Earthquakes

More than 400 earthquakes have occurred in the vicinity of
Charleston since 1954 (Bollinger, 1972) (Figure II-23). Colquhoun
and Comer (1973) discovered a reverse fault in the area, trending
along the axis of the Stono Arch (Figure I1I-27) which may be
associated with this earthquake activity. Dillon (1974) reports
possible faulting on the South Carolina shelf along the trend of
seismic activity. This may be an extension of the offshore
portion of the Stono Arch.

Several other papers are in press which consider various aspects
of seismicity in the vicinity of Charleston (Bollinger, 1977;
Gohn, Higgins, Smith and Owens, 1977; Kane, 1977; Popenoce and
Zietz, 1977).

3.3.2 Sediment Movement/Properties
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3.3.2.1 General

Visual observations by Hunt (1974) on Gray's Reef off central
Georgla indicate that sediment transport zones extend well onto
the continental shelf. Surficial sediments being at least in
partial equilibrium with present envirommental conditions indicate
that sediment transport has occurred (Pilkey, 1977). Studies of
wave physics (Stanley and Swift, 1976) indicate that wave-gener—
ated sediment transport may occur in depths of water as great as
those of the outer continental shelf. As previously mentioned in
Section 3.1.3 there exists a significant data gap in the area of
deep water, wave—generated sediment transport because most predic-
tions are based on mathematically derived equations rather than
actual field observation. This topic needs further study because
of the potential movement of sediments supporting platform founda-
tions. Furthermore, patches of lagoonal muds and peats which
occur on the shelf may represent areas of poor support capability,
and slope sediments may be subject to slumping (U. S. Department
of the Interior, Bureau of Land Management, 1977). Engineering
studies should be conducted in these areas.

3.3.2.2 Storm-Related Conditions

An important data gap exists in the area of stormrelated sediment
transport. No physical data are available for Subzone II offshore
areas during the passage of severe storms or hurricanes; however,
the expected intensification of wind, wave and current vectors
would probably increase sediment transport significantly. Several
post—~hurricane studies in other areas, particularly by Rodolfo,
Buss and Pilkey (1971) off Cape Lookout, North Carolina suggest
that hurricanes may well account for much of the sediment distri-
bution pattern observed in the geologic record. A record of
tracks of hurricanes affecting the Southeastern Atlantic of the
U. S. is shown in Figure II-36., Extratropical storms such as
"Northeasters” may be potentially more hazardous than hurricanes
due to their frequency, longer duration and greater over-water
fetch (Nash, 1978).

3.3.3 Drilling Hazards

3.3.3.1 Geopressures

No publications are available concerning geopressures in Subzone
II. Because faulting is active in the vicinity of the Stono Arch
(Zoback et al., 1978), significant geopressures may be encountered
along its seaward extension. The lack of information on the
presence, extent and magnitude of geopressures under the South
Carolina, Georgia and North Florida shelf constitutes a signifi-
cant data gap.
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PIGURE II-36., Tracks of hurricanes affecting the Southeastern
Atlantic Coast of the United States between
1873 and 1976. (From: Field and Duane, 1974).
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3.3.3.2 Aquifer Contamination/Drawdown

The high chloride content of interstitial water from drill holes
near the shelf edge off Georgia and South Carolina indicated the
absence of a freshwater aquifer (Hathaway et al., 1976). Although
the Floridan aquifer clearly extends onto the outer shelf off
Jacksonville, Florida, the seaward extension to the north in
Subzone II is probably greatly reduced (Dillon et al., 1975). A
data gap does exist, however, in the present knowledge of the
hydrogeologic framework beneath the continental shelf. Studies
should be conducted to determine the presence of a significant
aquifer as well as possible impacts of petroleum production.

3.3.4 Previous/Ongoing Research

A study has just been completed (Henry and Harding, 1978; Henry et
al., 1979) concerned with geologic hazards of the Georgia coastal
zone and 1inner continental shelf. A seismic/acoustic survey
mapped potential surface and subsurface hazards on the inner
continental shelf to 5km seaward. Scour, mobile bedforms, high-
angle bedding, buried river channels, cut and fill structures and
two possible faults were delineated.

4,0 CONTINENTAL SHELF-SUBZONE III--ST. JOHNS RIVER TO CAPE
CANAVERAL

4.1 Description

4.,1.1 Structures

4.1.1.1 Bottom

Organic

Rock outcrops supporting epifaunal communities of soft corals,
sponges, sea fans and associated fauna have been observed between
the 15-30 meter isobaths off Cape Canaveral (U. S. Department of
Commerce, National Marine Fisheries Service, 1971). Dense epi-
faunal communities are also found on algal ledges along the outer
shelf and upper slope (Macintyre and Milliman, 1970).

Inorganic Macro/Micro Topography

Few papers on inorganic bottom structures have been published
since the summary by Zeigler and Patton (1974).

Field (1974), Field and Duane (1974), Meisburger and Field (1975),
and Field and Duane (1976) have studied linear shoals and con-
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trasting terraces or benches which extend 8km seaward of Cape
Canaveral. These structures, thought to be Holocene marine
transgressive features, resulted from erosion. The occurrence of
sinkholes and numerous other karst features which are believed to
occur on the continental shelf off Florida, only a few of which
have been either charted or investigated , are the result of
cavernous Tertiary limestones (Dillon et al., 1975). Kohout,
Dill, Royal, Benjamin and Hill (1972) and Wilcove (1975) report a
sinkhole believed to have a maximum depth of 142m located 42km off
Crescent Beach, Florida in 27m of water.

4.1.1.2 Subbottom

Organic

Schlee (1977) and Buffler (1978, personal communication) infer the
presence of buried reef structures located approximately beneath
the shelf break off the Georgia and North Florida coast.

Inorganic

According to Meisburger and Field (1975) and Schlee (1977) some
folding is present in this Subzone. A wide, shallow upwarp of
Cretaceous strata with reefs built on tectonic highs underlies the
middle of the continental shelf seaward off Jacksonville, Florida
(Dillon et al., 1975; Schlee, 1977). Meisburger and Field (1976)
report a wide truncated anticline of Miocene age off Daytona
Beach, Florida, cores from which show dip reversal in rocks as old
as late Eocene (Field, 1974). Buried strandline deposits, thought
to be submerged Pleistocene shorelines, have been found in this
Subzone (Field, 1974; Field and Duane, 1976).

4.1.1.3 Previous/dngoing Research

No research has been reported in progress for the purpose of
locating or describing bottom or subbottom structures in Subzone
III.

4.1.2 Stratigraphy

Field and Duane (1974), Dillon et al. (1975), and Schlee (1977)
have discussed in detail the generally carbonate stratigraphic
section from cores collected from the three JOIDES holes drilled
seaward off Jacksonville, Florida. Vertical variations in lithol-
ogy in which carbonates are overlain by fine~grain terrigenous
clastics suggest changes in paleogeography which allowed deposi-
tion of volcanic ash and terrigenous detritus. Lateral changes
from well-sorted grainstone on the inner shelf to carbonate
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muckstone and wackystone on the outer continental shelf suggest a
change in the site of deposition from a platform or shallow shelf
to outer shelf or upper slope (Schlee, 1977).

4,1.2.1 Geologic History

Schlee (1977) covers the Tertiary history in great detail.
Sedimentation rates in the Cretaceous and Tertiary equalled
regional subsidence. During the Tertiary the carbonate platform
of the continental shelf was periodically exposed while carbonate
ooze accumulated on the Florida-Hatteras Slope (Schlee, 1977).
The Pleistocene history of Subzone III was discussed by Field
(1974), Dillon et al. (1975), Meisburger and Field (1975), Field
and Duane (1976), and Schlee (1977). The Pleistocene was a period
of regressive deposition and evidence exists that much of the
Pleistocene morphology was removed by the truncating or beveling
action of the Holocene regression.

4.1.2.2 Previous/Ongoing Research

No current research was reported concerning either geologic
history or stratigraphy for Subzone III.

4,1.3 Sediments and Sedimentary Processes

4.1.3.1 Sediment Distribution

Sediment distribution in Subzone III was discussed by Zeigler and
Patton (1974) and Dillon et al. (1975). No papers concerned with
sediment distribution in this area have been subsequently publish-
ed.

4.1.3.2 Sedimentary Processes

The sand which mantles the shelf is actively being resorted and
redistributed (Meisburger and Field, 1975). Most of the surficial
sediment is believed to have been derived from erosion of Tertiary
strata and Pleistocene deposits during the Holocene transgression.
Fine-grain sand on the inner continental shelf is believed to be
derived from the winnowing and landward transport of the fine
fraction of Holocene transgressive sands. Field and Duane (1974)
found that sediments are being reworked on the shoals and that
shoals are moving toward the southeast.

4.1.3.3 Previous/Ongoing Research

No research was reported which was concerned with either sediment
distribution or sedimentary processes in Subzone III.
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4.1.4 Bathymetry

Meisburger and Field (1975) show continuous shelf profiles and the
generalized bathymetry of the shelf off North Florida and together
with the SCOPE report (see Sections 1.2.3 and 3.1.4) constitute
the published information since 1974 concerning Subzone III
bathymetry.

4.1.4.1 Physiography

Other than the report of Field and Duane (1974) and Meisburger and
Fleld (1975) no papers have been published concerning the physiog-
raphy of Subzone III since 1974.

4.2 Economics
4.,2.,1 Petroleum

According to Dillon et al. (1975), the Jurassic beds off the
Florida coast are potential reservoir rocks and together with the
Lower Cretaceous carbonates described earlier offer the best
chance of hydrocarbon discovery in this Subzone. Controversy
regarding the petroleum potential of the buried reefs beneath the
lower slope off Florida's coast indicate the need for more inves-
tigation in this area (Dillon et al., 1975; U. S. Department of
Interior, Bureau of Land Management, 1977). JOIDES drilling data
show no prospect of o0il or gas in Tertiary deposits (Dillon et
al., 1975; Schlee, 1977).

4.2.2 Sand and Gravel

Meisburger and Field (1975) carried out an extensive study of
sediments off the coast of Florida. They conclude that there are
excellent sources of beach fill in Holocene shelf sands.

4.2.3 Aquifers

The Floridan aquifer extends beneath the continental shelf and is
of major economic importance to the area (Pearman and Stafford,
1975). Kohout (1965,1966) and Henry and Kohout (1972) suggest
that the lower parts of the aquifer may be open to slow movement
of seawater circulated by geothermal heating. This potential
energy source has not been investigated.

4.2.4 Geothermal

There is no known geothermal information for this Subzone.
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4,2.5 Heavy Minerals

No papers concerned with economic heavy mineral deposits on the
continental shelf in Subzonme III have been published since the
compilation by Zeigler and Patton (1974).

4.2.6 Phosphate

Dillon et al. (1975) and Schlee (1977) have reported the occur-
rence of Tertiary phosphate deposits on the continental shelf. No
research has been done on their economic potential.

4.,2.7 Other

No other geologically related products of economic importance have
been reported in Subzone III.

4.2.8 Previous/Ongoing Research

No unpublished or ongoing research was reported with respect to
economic geology in Subzone III.

4.3 Potential Hazards

4.3.1 Seismicity/Earthquakes

No data exist with respect to earthquake activity in Subzone III.

4.3.2 Sediment Movement/Properties

4.,3.2.1 General

Sediment movement is a possible problem for platforms constructed
on the shelf (Field and Duane, 1974; U. S. Department of Interior,
Bureau of Land Management, 1977). As mentioned earlier, there is
substantial evidence for shoal movement (Field and Duane, 1974;
Field, 1974; U, S. Department of Interior, Bureau of Land Manage-
ment, 1977).

4,3.2.2 Storm-Related Conditions

No data exist for Subzone III with respect to sediment movement
under storm—related conditioms. This constitutes a significant
data gap.

4.3.3 Drilling Hazards
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4,3.3.1 Geopressures

Nothing is known with regard to geopressures on the continental
shelf of Subzone III.

4.3.3.2 Aquifer Contamination/Drawdown

The Ocala limestone, the principal aquifer in Florida, is cavern-
ous throughout this Subzone (Dillon et al., 1975). While near
surface karst features are detectable, deep caves are not and
could cause serious problems with regard to both rig safety and
aquifer contamination.

4.3.3.3 Previous/Ongoing Research

No research has been reported with respect to potential hazards.

5.0 BLAKE PLATEAU

5.1 Description

5.1.1 Structures

5.1.1.1 Bottom

Organic

Subsequent to the literature cited by Zeigler and Patton (1974) no
papers which discuss organic bottom structures have been publish-
ed. Prior to that report, Stetson, Squires and Pratt (1962)
reported coral mounds and ridges with more than 100 meters relief.
Organic ridges and mounds, according to Milliman, Manheim, Pratt
and Zarudzki (1967) are numerous beneath the present axis of the
Gulf Stream. Deep water coral mounds are active at present
(Stetson et al., 1962).

A data gap exists with respect to occurrence and distribution of
organic bottom structures on the Blake Plateau.

Inorganic Macro/Micro Topography

Pratt and Heezen (1964), Ewing et al. (1966), and Stetson, Uchupi
and Milliman (1969) reported portions of the Plateau as very rough
as a result of erosion. Pratt (1971) describes Eastward Canyon,
about 65km long with a maximum depth of 500m, along the north side
of Blake Nose (Figure I1I-37).

At present the microtopography of this area is poorly known. More

detailed studies are needed such as that carried out by Lonsdale
and Spiess (1977) on the Blake Outer Ridge using a deep towed
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instrument package.

5.1.1.2 Subbottom

Organic

Most information on buried organic structures predate the compila-
tion by Zeigler and Patton (1974). Zarudzki and Uchupi (1968)
report a carbonate ridge system on the western side of the Plateau
buried by up to 100m of sediment. Buffler, Watkins and Dillon
(1978) discuss an irregular reflecting surface which may represent
a buried reef on a carbonate bank or buried karst topography.

Inorganic

High resolution and multichannel seismic reflection profiles have
been recently collected (Edsall, 1977; Buffler, Watkins and
Dillon, 1978 and McGregor, 1978). Edsall (1977) reports up to
375m acoustic penetration, but no buried structures other than
stream channels were detected. Sylwester and Dillon (1977)
discovered a major growth fault, the largest known to offset
Tertiary sediments on the Atlantic coast, on the eastern edge of
the Blake Plateau about 175km southeast of Cape Fear. Minor
folding, faulting, slumping and differential compaction occurs in
the upper 350m of sediment. McGregor (1978) reported many unconm
formities with one in late Tertiary truncating an extensive
sequence of foreset beds on the north end of the Blake Plateau.

5.1.1.3 Previous/Ongoing Research

Articles recently published or in press concerning the structure
of the Blake Plateau have been reported by Dillon et al. (1978),
Buffler et al. (1978), Buffler, Shipley and Watkins (in press),
and Shipley et al. (1978). :

Bryan (1978, personal communication) reports multichannel seismic
records now being processed, which tie together wells drilled near
the southern boundary of the Plateau (Figure II-38), as well as
ongoing research, .

Neumann (1978, personal communication) has raw data, unpublished
reports and ongoing research programs in the Little Bahama
Bank/Blake Plateau transition zone. Also, he reports work in
progress by Mullins (Ph.D. dissertation) which will contain
seismic profiles and core descriptions of the north margin of
Little Bahama Bank.
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FIGURE II-38. Lines along which multichannel seismic profiles
were run which tie together wells drilled near
the southern boundary of the Blake Plateau. (From
Lamont-Doherty Geological Observatory of Columbia
University, Cruise Report No. 21-02, R/V ROBERT D.
CONRAD, personal communication from Bryan, 1978)
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5.1.2 Stratigraphy

Edsall (1977) reports that the surface of the Plateau is Miocene,
perhaps buried under a thin surficial cover of Holocene sediment.
Shipley, Buffler and Worzel (1976) and Buffler, Watkins and Dillon
(1976) discuss the seismic stratigraphy of the area. They sub-
divide it into Lower to Upper Cretaceous, Upper Cretaceous and
Cenozoic intervals. The first interval, thought to be Early
through middle Lower Cretaceous, 1s probably a carbonate facies
along the inner platform and may consist in part of interbedded
dolomite and evaporite. The Upper Cretaceous interval, thought to
be of a Late Cretaceous age, is probably mostly carbonate, but may
also contain progressively more terrigenous clastic components to
the northwest. Several depositional sequences are found in the
Cenozoic interval, lower Tertlary to Miocene in age, but no
attempt was made to map them in the preliminary study. The rocks
are mostly carbonates, although terrigenous clastics increase in
the younger sediments, and toward the north. Schlee (1977)
summarized the data from three holes drilled on the Blake Plateau
(Figure II-39). He reports that a sequence of deep water cal-
careous 0ozes gives way at depth to siliceous limestone and chert.

Abbott (1978) proposed six Atlantic Miocene siliceous microfossil
zones which range from Early to Middle Miocene. As these zones
have been correlated with Deep Sea Drilling Project (DSDP) core
391A in the Blake-Bahama Basin, they may be applicable to the
Miocene sediments on the Plateau.

5.1.2.1 Geologic History

Shipley et al. (1976) discussed the geologic history of the Blake
Plateau. A summary by Buffler et al. (1978) indicates that in
Early to middle Late Cretaceous, 135-80 million years ago, a broad
carbonate platform became established across the Plateau. During
Late Cretaceous, 80-65 million years ago, a continued rise in
sealevel displacement of Gulf Streamlike currents caused the
shelf margin to shift from the Blake Escarpment to approximately
its present location. Uniform, fine-grained, mostly carbonate,
sediments from the shelf prograded onto the inner Plateau. During
the Cenozoic, 65 million years ago to present, the continental
slope continued to prograde over the Plateau. Deposition of
sediments, mostly fine-grained and carbonates, continued with
nunerous periods of erosion or nondeposition resulting from
changes in sealevel and bottom currents.

According to Schlee (1977) Tertiary bottom currents apparently

fluctuated widely. At times they were weak enough to permit thin
ash beds to be deposited and at times strong enough to winnow and
sort fine detritus and erode previously deposited carbonate mud.
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5.1.2.2 Previous/Ongoing Research

Several papers are in press at preseﬁt which will discuss various
aspects of stratigraphy and geologic history of the Blake Plateau
(see Section 5.1.1.3).

5.1.3 Sediments and Sedimentary Processes

5.1.3.1 Sediment Distribution

Little 1is known about sedimentation -on the Blake Plateau.
Emiliani, Gartner and Lidz (1972) discussed sedimentation based on
piston core P6603-49, a 9.6m core from the eastern edge of the
Plateau. A characteristic Globigerina-ooze texture is found in
the bottom 1.76m, lacking, however, the typical clayey consti-
tuents. From - 7.50m to the top of the core it appears that
sediment starvation and sorting increased, with a notable decrease
in the finer than sand fraction. Hathaway, McFarlin and Ross
(1970) found the same lack of fine sediment in the post-Miocene
upper section in the JOIDES cores from this area.

Over most of the Plateau, the lack of information concerning the
surface sediment distribution with respect to size and composition
is a significant data gap.

5.1.3.2 Sedimentary Processes

The 1lack of data concerning sedimentary processes on the Blake
Plateau since the book by Heezen and Hollister (1971) represent a
significant data gap. However, McGregor (1978) reports that the
shelf width and the pattern of erosion and deposition on the Blake
Plateau is controlled by the Gulf Stream.

5.1.3.3 Previous/Ongoing Research

No work has been reported since 1973 concerning either sediment
distribution or sedimentary processes on the Blake Plateau.

5.1.4 Bathymetry

No reports have been published on Blake Plateau bathymetry since
that compiled by Zeigler and Patton (1974).

5.1.4.1 Physiography

Regional physiography of the Plateau was discussed in Section
1.4.3. No papers have appeard since those compiled by Zeigler and
Patton (1974).
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5.1.4.2 Previous/Ongoing Research

No report of bathymetric or physiographic studies are reported in
progress on the Blake Plateau.

5.2 Economic
5.2.1 Petroleum

Based on seismic data Sheridan (1977) reports 7 to l4km of carbom
ate rocks on the Blake Plateau. Ridgelike reflectors along the
Blake Escarpment have been shown by drilling data to be Cretaceous
reef-rim complexes. Thickness and composition of the sediments
seem favorable to petroleum production.

Structurally, the Blake Plateau also may be favorable to petroleum
accumulation. Ewing et al. (1966) report an arch trending north-
south in the northern end of the Plateau. Other subsurface arches
(Olson, 1974), possibly basement horsts related to block faulting,
are 1indicated. The Blake Plateau trough (Figure II-40) offers
promise of petroleum because of a thick sedimentary section with
excellent source beds and trapping possibilities (Olson and
Glowacz, 1977). Olson (1974) compares this area to similar oil
producing areas., He concludes that the main obstacle is the 1000m
water depth.

5.2.2 Geothermal

A literature search revealed no papers on this subject.

5.2.3 Phosphate

Pratt and McFarlin (1966) report a zone of phosphate on the
western margin of the Plateau (Figure I1I-41). Hawkins (1968,
1969) mentions phosphate but does not discuss the economic poten—
tial of the deposit.

5.2.4 Manganese

Pratt and McFarlin (1966), Hawkins (1968, 1969), Brundage (1972),
Manheim (1972a), and Fewkes (1976) report the presence of a
pavement of manganese nodules on portions of the Blake Plateau
(Figures II-41 and II-42). Manganese is reported as abundant at
the surface over very large areas; however, its potential economic

value 1is not discussed.
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5.2.5 Other

No other sources of possible economic value on the Blake Plateau
have been reported.

5.2.6 Previous/Ongoing Research

No previous or ongoing research with respect to any resource other
than petroleum was reported.

5.3 Potential Hazards

5.3.1 Seismicity/Earthquakes

Earthquake activity in the Blake Plateau area has not been report-
ed in the literature.

5.3.2 Sediment Movement/Properties

5.3.2.1 General

Vigorous erosion by the Gulf Stream on the inner margin of the
Blake Plateau can affect the support characteristics of structures
directly as well as through movement of bottom sediments (Edsall,
1977).

5.3.2.2 StormRelated Conditions

Slumping along the Florida-Hatteras slope under storm—related
conditions could affect the upper portion of the Blake Plateau;
however, little informatiom is available in this regard.

5.3.3 Drilling Hazards

5.3.3.1 Geopressures

Nothing is known with respect to geopressures on the Blake
Plateau, as there is no previous drilling history (U. S. Depart-
ment of Interior, Bureau of Land Management, 1977).

5.3.3.2 Aquifer Contamination/Drawdown

A literature search found no information with respect to aquifers
in this area.

5.3.3.3 Previous/Ongoing Research

No studies were reported which were concerned with either previous
or ongoing hazards research.
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1.0 INTRODUCTION

1.1 Organization of the Chapter

This chapter 1s separated into sections which address the
chemistry of the water column, sediments, biota and atmosphere.
Each of these are in turn divided into subsections which treat
hydrocarbons, trace elements, nutrients, chlorinated hydrocarbons
and radionuclides. In each of the subsections a review of the
research conducted between Cape Hatteras, North Carolina and Cape
Canaveral, Florida since about 1973 is presented. This generally
summarizes work accomplished since the review of Roberts (1974);
in some cases, work conducted prior to that review, but not
included 1in it, 1is 1included here. If applicable, the last
paragraph of each subsection describes ongoing programs and
locations of raw data or unworked samples relating to the
particular subject.

Dr. Richard F. Lee wrote subsections dealing with hydrocarbons and
chlorinated hydrocarbons, and Dr. Larry P. Atkinson wrote
subsections dealing with nutrients. Dr. Herbert L. Windom was
responsible for the remainder of this report.

1.2 Introduction to Subsections

1.2.1 Hydrocarbons

Hydrocarbons in the enviromment are derived from a variety of
sources, both anthropogenic and natural. The thousands of
hydrocarbons found in fossil fuels and their products makes it
difficult to completely analyze envirommental samples for
anthropogenic  hydrocarbons. In addition, a variety of
hydrocarbons are biosynthesized by marine plants and animals.
Before detailed analysis, the hydrocarbon fraction can be
separated into aliphatics and aromatics with a focus on aromatics
because of their toxicity and association with fossil fuels or
their products. The various methods for hydrocarbon analysis,
using gas-liquid chromatography, infrared spectroscopy, ultra-
violet spectroscopy and liquid chromatography, measure different
classes of hydrocarboms. This results in making it difficult to
compare results from various areas where different methods have
been wused. Special note should be made of "o0il and grease"
measurements which involve solvent extraction of an environmental
sample. This method measures a variety of lipids in addition to
hydrocarbons and 1is probably of 1little use for hydrocarbon
determinations, except in an area polluted only with petroleum.
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1.2.2 Trace Metals

Prior to the review of Roberts (1974) most of the published trace
metal research conducted in the area between Cape Hatteras, North
Carolina and Cape Canaveral, Florida was of a descriptive nature.
Since that time a considerable amount of additional work has been
carried out. Much of this has also been descriptive, consisting
of trace metal analyses of various compartments of the estuarine
and coastal marine ecosystem. Recent studies have also addressed
the transfer of trace metals through these compartments and have
included laboratory experiments as well as field investigationms.
This review attempts to summarize not only the data resulting from
these studies but also the conclusions as to processes and
pathways influencing trace metal variationms.

1.2.3 Nutrients

The following sources were searched for relevant information on
the nutrient chemistry of the waters of the South Atlantic Bight.
. Limnology and Oceanography (1973-present)
. Deep—-Sea Research and Oceanographic Abstracts (1973-present)
. Journal of Geophysical Research (1973-present)
. Geophysical Research Letters (1975-present)
. Southeast Geology (1973-present)
. U. S. Government Research and Development Reports (1973-present)
. Oceanic Abstracts (1973-present)
. Personal files of L. Atkinson

Some obscure technical reports may have been missed in our search,
but it is doubtful if they detract much from the report. As
expected, much of the data are in technical report form or
abstracts.

The notable advances in the last few years are in three areas: 1)
nutrient flux experiments in South Carolina salt marshes by
Gardner and associates at the University of South Carolina; 2)
wide area quasi-synoptic, hydrographic sampling by Mathews and co-
workers (South Carolina Wildlife and Marine Resources Department);
and 3) the studies by Atkinson and associates (Skidaway Institute)
in Onslow Bay, North Carolina and the Georgia Bight. Other
studies have tended to be of limited scope and hence not useful
for the purpose of this report. There has been a large study by
the Coast Guard (Search and Rescue cruises) which is in raw data
form and will not be discussed. Also, Texas Instruments, Inc.,
under BLM contract, has made seasonal sampling cruises in the
Bight. These data are not available at this time.
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1.2.4 Chlorinated Hydrocarbons (Pesticides)

With the exception of chlorinated hydrocarbons all of the chemical
species considered in this review are natural substances. Their
distributions and concentrations in the enviromment may be
influenced by man, but unlike the pesticides, they are not
produced by man.

The chlorinated hydrocarbons discussed in this review include the
insecticide DDT and 1its degradation products DDD and DDE, PCBs
(polychlorinated biphenyls) and other less well known compounds.

Although DDT and PCB uses have been severely restricted in the
U. S. since 1972, they and their by-products still are present in
the enviromment. Most of the attention has been paid to DDT and
PCBs, but other chlorinated hydrocarbons have been shown to be
equally dangerous to the enviromment.

1.2,5 Radionuclides

The Savannah River watershed currently contains three operating
production reactors, two chemical nuclear fuel reprocessing
plants, and the nuclear fuel fabrication facilities of the
Department of Energy's Savannah River Plant site. Duke Power
Company operates three power reactors at Oconee, South Carolina.
The Georgia Power Company is planning two reactors at its Vogtle
site across the river from the Savannah River Plant, and a
commercial nuclear fuel reprocessing plant is located on the east
side of the Savannah River Plant. Releases of radionuclides from
currently operating facilities are well below any applicable
standards, but, nevertheless, some nuclides are detectable in the
Savannah River estuarine area. Charleston, South Carolina is the
home of a nuclear submarine base and a Trident base is being
planned for Kings Bay, Georgia.

As will be evident from this review, the amount of information on
radionuclide distributions in the southeastern Atlantic coastal
enviromment is not extensive when compared to the increasing
potential sources of these substances. The lag is due to the lack
of scientists with appropriate expertise to conduct the required
studies in this region.
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2.0 SUMMARY OF RESEARCH SINCE 1973

2.1 Water Column

2.2.1 Hydrocarbons in the Water Column

2.1.1.1 Rivers and Estuaries

Only a few determinations have been made on \hydrocarbons in
inshore waters of the southeastern United States. In the Skidaway
River, an estuarine river near Savannah, Georgia, total
hydrocarbon concentrations varied from 10 to 60 ug/liter (Lee and
Ryan, 1976). Naphthalene, l-methylnaphthalene and 2-
methylnaphthalene were not detected (less than 0.5 ug/liter).
Hexadecane varied from 0.5 to 3 yg/ liter. Benzene and toluene
varied from nondetectable to 3 ug/liter. Large concentrations of
hydrocarbons would not be expected since there are few highly
populated or industralized areas along this coast. No natural oil
seeps have been reported for this area (Wilson, Managhan, Osanik,
Price and Rogers, 1974)., The largest coastal cities are Brumswick
(20,000 population), Charleston (100,000), Jacksonville (600,000),
Savannah (100,000), and Wilmington (50,000). A number of oil
storage tanks are along the Cooper River im Charleston. 0i1
slicks are often seen on this river and surface water samples near
oil tanks had hydrocarbon concentrations from 400 to 1100 pg/liter
with a mean of 900 ng/liter (Lee, 1977). Gas-liquid chromatograms
of extracts from this water were similar to those of fuel oil with
a series of paraffin peaks superimposed on an unresolved envelope.
Nearby sites showed no visible slicks and had concentrations of
non-volatile hydrocarbons ranging from 40 to 100 ug/liter with a
mean of 70 ug/liter.

A series of measurements giving the concentration of "oil"” in
coastal waters of South Carolina have been carried out by the
U. S. Geological Survey of South Carolina (Harris, 1978, personal
communication).

2.1.1.2 Continental Shelf .

Few studies have been conducted on hydrocarbons in marine waters
between Cape Hatteras and Cape Canaveral. Data on hydrocarbons in
the water column presented in the report of the National Academy
of Sciences (NAS, 1975) show no collections from this region.

Swinnerton and Lamontagne (1974) have reported concentrations of
low-molecular weight hydrocarbons in ocean surface waters off the
southeastern United States, Average concentrations in nanoliters
per liter for these hydrocarbons were: methane, 45; ethane, 1.0;
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ethlene, 4.7; propane, O0.l; propylene, 0.5. The vertical
distribution of ethane and ethylene at 30°N is shown in Figure

Brown and Huffman (1976) and Brown, Searl, Elliott, Brandon and
Monaghan (1973) reported hydrocarbon concentrations in surface
waters of this region to range from 5 to 17 pg/liter (Figure
III-2) and near-surface samples ranged from 1 to 3 ug/liter
(Figure III-3). The paraffinic hydrocarbons comprised most of the
hydrocarbon fraction with less than 10 percent aromatics (Figures
111-4,5).

Levy (1977) has reported on tar distribution in the North Atlantic
(Figures III-6,7). In the southeastern wateis of the U. S., tar
concentrations were between 0.1 to 0.0l mg/m“, He proposed that
the source of this tar was from tanker traffic going from
Venezuela and the Middle East to North America and Europe. Losses
during transportation of this oil found their way into the Gulf
Stream system and thus were carried along the waters of the
continental shelf.,

Warner (1978) has analyzed hydrocarbons in this OCS region under
contract to the Bureau of Land Management. Concentrations of
dissolved hydrocarbons were between 0.005 to 0.1 pg/liter.

2.1.2 Trace Metals in the Water Column

In the review by Roberts (1974) very few studies of trace metals
in coastal and estuarine waters were referenced. Since that time
several research efforts have resulted in a considerable increase
in the available data. The following sections review the research
since about 1973 which was not treated in the earlier review.

2.1.2.1 Rivers and Estuaries

The concentration of iron, manganese, cadmium, copper, and mercury
in solution and in particulate phases in rivers was determined by
Windom (1975b). He used these values along with the discharge
rates for the nine rivers studied to estimate transport to the
estuarine zone. Due to chemical processes in the estuaries some
metals such as iron are apparently not transported through the
estuarine zone. This 1is reflected in their concentration
variation with salinity (Figure III-8).

Recently the concentration of mercury in southeastern rivers was
reevaluated. Studying the ten major rivers emptying into the
coastal area between Cape Hatteras, North Carolina and Cape
Canaveral, Florida (Figure III-9), Windom and Taylor (1978) found
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FIGURE III-1. Vertical distribution of ethane (X), ethylene
(0), and propylene (&) in the North Atlantic,
Gulf of Mexico, and Caribbean Sea. From
Swinnerton and Lamontagne (1974).
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FIGURE III-2. Total hydrocarbons in surface water sainples.
From Brown et al. (1973).
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From Brown et al. (1973).
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FIGURE III-4, Relative concentrations of aromatics in hydro-
carbons extracted from ocean water. The nume-
rator of each "fraction" represents the rela-
tive percentage of aromatics in surface water,
and the denominator represents the relative
percentage of aromatics in surface water at a
depth of 10m. From Brown and Huffman (1976)
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FIGURE ITII-6.

Isopleths of tar distribution 1972,

in mg/m .

From Levy (1977).

Concentration
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FIGURE III-7.

Distribution of sampling stations for 1972
study of tar in North Atlantic Ocean waters.
Open circles indicate presence of tar; dark-
ened circles indicate absence of tar. From
Levy, 1977.
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that the average concentration of mercury was between 16 and 37
ng/liter (Table III-1). They calculated the transport of this
metal by the rivers to be about one-third of that previously
calculated by Windom (1975b). They also found that on the average
about 27 percent of the mercury is associated with organic matter.

The concentrations of copper, nickel, and zinc in the same ten
major rivers have been determined by Windom and Smith (1978b).
These authors found that the rivers are generally similar in metal
concentration and wused the average metal concentrations to
estimate their riverine flux to the South Atlantic Bight (Table
I11-2). The small variation in the mean copper concentration
between rivers appears to be correlated to dissolved organic
carbon (Figure III-10).

The concentrations of iron, aluminum, and manganese were
determined in Coastal Plain rivers by Beck, Reuter and Perdue
(1974). These authors found a correlation of iron and aluminum
with dissolved organic matter (Figure III-11). They postulate
that this relationship is due to the formation of metal-fulvic
acid associations. As a part of this work the authors
characterized the dissolved organic matter in rivers and
determined concentrations of the major cations and anions.

Waslenchuk (1977) determined the seasonal variations in arsenate,
the predominant form of dissolved arsenic, in the major rivers of
the southeast (Figure III-12). He observed that higher
concentrations of arsenate are generally associated with higher
river discharges. Waslenchuk and Windom (1978) have investigated
the behavior of arsenic in estuaries and concluded that it is
transported conservatively through estuaries since its
concentration is a linear function of salinity (Figure III-13).

The cycling of manganese in the Newport River estuary was studied
by Evans, Cutshall, Cross and Wolfe (1977). These authors found
that highest manganese concentrations were at intermediate
salinities (Figure III-14). They suggested that the additional
amount above what 1is expected due to conservative mixing was
released from bottom sediments.

The transport of metals by rivers in particulates was evaluated by
Windom (1975b). Nance (1974) investigated the nature of the
particulate phases in which the metals were contained (Table
III-3). 1In studies of the Ogeechee and Savannah River estuaries
he found considerable differences in the partitioning of iron,
manganese, zinc, cadmium, lead, and copper (Table III-4).
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. Cape Fear
. Pee Dee
. Black

. Santee

1
2
3
4
5. Cooper
6. Savannah
7. Ogeechee
8. Altamaha
9. Satilla

10. St. Johns

Monthly Mean

1o

TABLE III-1

Dissolved mercury in southeastern rivers (in ng/l)

1976
Apr

26
22
25
27
23
22
19
20
26
41

25

May

36
35
38
38
28
38

34
33
52

37

Jun

21
18
18
19
17
25
21
17
18
31

21

(From Windom and Taylor, 1978)

Jul

Sep

15
10
13
10
18
13
13
13
13
16

Oct

14
15
10
13
10
15
14
14
15
61

18
15

bec

35
20
10

12
10
10
10
23

15

1977
Jan Feb
23 10
16 9
17 7
17 9
14 7
20 9
15 1
23 5
24 7
418 32
22 10
10 -8

Apr

37
34
43
37
25
52
46
34
40
40

37

12

12

14

12

12

12

River

Mean Annual

Mean + lo Discharge Hg Transport

23
18
20
18
16
22
19
18
20
37

|+

j+ |+ |+ |+ |+ |+

|+

|+

+

Av.Annual

(10!2 1
10 7.1
9 12.4
12 0.8
11 1.9
7 13.3
13 10.8
12 2.1
9 12.3
11 2.0
16 2.8

(kq)

161
236
16
34
213
237
40
221
40
103

Total Hg transport 1.3 x 103 kg

*Averaged over 7-47 water data years, depending on the river, at downstream-most gaging station.
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TABLE III-2. Concentration and transport of copper, nickel, and zinc:in southeastern U. S.

rivers.

Mean Annual

(From Windom and Smith, 1978b)

Mean Concentrations and Variations®

Discharge poc! cu? Ni3

(km3) (mg/1) (ug/1) (ug/1)
1. Cape Fear 5.6 +3 2.1 + 0.7 3.7 + 1.8
2. Pee Dee 16.1 +3 1.6 + 0.5 2.3 +1.7
3. Black 0.9 10 + 5 1.1 + 0.6 1.8 + 1.1
4. Santee 0.6 +2 1.7 + 1.1 3.1 +2.5
5. Cooper 13.2 +4 1.5 + 0.7 3.7 + 3.4
6. Savannah 13.0 8 +4 1.6 + 1.0 3.9 + 4.4
7. Ogeechee 2.1 12 + 8 1.0 + 0.6 2.9 +2.8
8. Altamaha 12.0 9+5 1.6 + 0.8 2.9 +1.1
9. Santilla 2.2 18 + 11 1.0 + 0.6 2.9 +1.9
10. St. Johns 6.5 11 + 4 1.6 + 0.6 2.0 +0.8

lpased on 14 samples
?Based on 14 samples
3pased on 8 samples
“Based on 8 samples

collected between
collected between
collected between
collected between

Zn"
(ug/1)
2.7
1.3
2.3

7.0
3.9
4.2
3.1
4.2
5.1
2.7

I+ i+

I+ |+

2.0
3.9
3.9
1.5
3.0 + 1.5
5.9 + 3.4
4.4 + 2.5

[+ 1+ 1+ |+ I+

Total Annual Transport

January 1976 to April 1977
January 1976 to April 1977

July 1976 to April 1977
July 1976 to April 1977

Svariation is one standard deviation for the mean.

Annual Transport

Cu Ni Zn
(103 kg)
12 21 39
26 37 63
1 2 4
1 2 2
20 49 55
21 51 66
2 6 6
19 35 36
2 6 13
10 13 26
114 222 312
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FIGURE III-10. Mean copper concentrations in southeastern
rivers as a function of mean dissolved
organic carbon. (From data of Windom and
Smith, 1978b).
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TABLE III-3

Percentages of the total metal transported by solution and the
leached fractions. (From Nance, 1974).

Mechanism Fe Mn Zn Pb Cu Cd

Savannah Estuary

1. solution 27 41 55 32 77 94
2. adsorbed 0 18 1 0 3 0
3. reduced 4 30 25 34 5 2
4, oxidized 0 2 2 26 5 0
5. residual 68 7 18 7 11 5

Ogeechee Estuary

1. solution 11 39 34 36 73 79
2. adsorbed 0 13 3 0 8 0
3. reduced 2 32 29 40 2 1
4, oxidized . 2 8 7 7 4 0
5. residual 85 9 28 17 12 19

Evans (1977) studied the exchange of trace metals between
dissolved and particulate phases in the Newport River estuary,
North Carolina. He found that iron, copper, and zinc were lost
from solution in the estuary.

Smith (1976) made an initial study of the complexation capacity of
samples collected from the Ogeechee River estuary, Georgia. He
found that the dissolved organic carbon in all molecular weight
fractions decreased with increasing salinity while complexation
capacity increased in the lighter fractionms.

Baier (1977), using anodic stripping voltammetry and atomic
absorption spectrophotometry, studied the distribution of
dissolved lead in the Cape Fear river plume. His results are
presented in Figure III-15,

The above studies generally employed flameless atomic absorption
to analyze preconcentrated samples. This is the most generally
accepted technique presently available to the marine chemist.

In addition to that from the above studies, several ongoing
programs are producing trace metal data in the water column.
Mathews and co-workers at the Marine Resources Research Institute,
Charleston, South Carolina, have conducted surveys of copper,
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TABLE III-4.

Metal

Fe

ca .

Pb

Cu

Metal

Fe

Pb

Partitioning of trace metals between phases of
particulates equilibrated at different salinities.

(From Nance, 1974)

Salinity  Total

(ppm)

0% o 42500

20°/ ., 33400
0%/ 40 2102

20°/ 60 879
0°/o0 276

20°/ .0 227
0%/ 00 2.03

20°/,. 1.63
0% e 141

20°/ 40 133
0%/ 00 79.8

20% 50 45.2

salinity  Total

(ppm)

0°/ 4o 33800

20°/ 4, 50400
0% u0 1194

20°/ ., 893
0°/oe 153

20°/ 46 162
0%/, 0.53

20°/,, 10.83
0% 0o 70

20°/ 00 65
0° o0 32.1

20°/ 40 40.0

SAVANNAE RIVER

Adsorbed Reduced

o 3
0 3
21 63
15 64
10 a1
3 39
8 27
4 28
0 78
0 75
11 24
18 12

OGEECHEE RIVER

Adsorbed Reduced

w
woOo OO0
[

44
. 64

41

34

60
63

[
WH OO0 +HKH HO

w

Oxidized

m goOo Ok +HO

N
9b os &

Oxidized

w

15

13

14

13

23
11

Residual

96
95

13
16

39
32

59
64

17
16

40
53

Residual

93
98

11
19

38
45

51
95

26
28

48
44
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FIGURE III-15. Dissolved lead variations in the Cape Fear River
plume. (From Baier, 1977)
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iron, and zinc in South Carolina estuarine waters (Mathews, 1978,
personal communication). Barber (1978, personal communication) and
co~workers at Duke University have an ongoing study of trace
metals in Calico Creek, North Carolina, and Baier (1978, personal
communication) has unpublished data from the Cape Fear River.
Ongoing programs at the NOAA Marine Fisheries Laboratory in
Beaufort, North Carolina, are also producing new trace metal data
(Cross, 1978, personal communication). Windom and co-workers at
the Skidaway Institute, Savannah, Georgia, have unpublished trace
metal data on several southeastern rivers. Other surveys of
coastal waters include those conducted in South Carolina by the
USGS (Harris, 1978, personal communication) and by Smythe at the
College of Charleston, South Carolina (Smythe, 1978, personal
communication).

2.1.2.2 Offshore

The only detailed studies of trace metals in offshore waters have
been conducted by Windom and co-workers at the Skidaway Institute.
The initial work of this group (Windom and Smith, 1972; Windom,
1972¢) was reviewed by Roberts (1974), Since then additional
studies of offshore waters have addressed input mechanisms to
shelf waters and regional variations in trace metal
concentrations.

Windom, Taylor and Waiters (1975) investigated seasonal variations
in surface water mercury concentrations in the Georgia Embayment.
Mean values for different seasons varied significantly and these
authors suggested that atmospheric input was responsible. More
recently, Windom and Taylor (1978) reevaluated this possibility
but could not unequivocally confirm this conclusion. They did
point out, however, that atmospheric input of mercury is probably
as important as river input. They proposed that intrusion of Gulf
Stream waters was the major mecahnism that controlled mercury
concentrations in continental shelf water. Mercury concentrations
in water samples collected at several stations along the shelf
varied between 4 and 46 ng/liter (Table III-5). In many samples a
large portion of the mercury was associated with organic matter.

The concentration of the major forms of arsenic in continental
shelf, Sargasso Sea and Gulf Stream waters was determined by
Waslenchuk (1977). He found that arsenic(V) was the predominant
form of arsenic and its concentration varied around 1 pg/liter
(Figure I11-16). Dimethylarsenic was detected in most samples but
represented a small percentage of the total arsenic. Arsenic(III)
was the second most abundant species and it varied with respect to
arsenic(V) in a way that suggested biological mediation since
surface productive waters had the highest reduced arsenic
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TABLE III-5. Mercury concentrations in continental shelf waters.
(From Windom and Taylor, 1978). '

Hg concentrations *
Station Depth POy SIL NOjy Reactive Total Organically
Number Location {(meter) (umole/1l) (umole/1) (umole/1l) {(ng/1) (ng/l1) Associated
BIUE FIN - January 1977
1 31°52'N 80°52'W 1 0.25 26.1 1.02 15
2 31°46°'N 80°45'W 1 0.13 0.2 0.09 13
4 31°40°'N B0°38'W 1 0.07 0.3 0.10 13
20 0.07 0.3 0.19 13
6 31°34°'N 80°31'W 1 0.05 0.1 0.14 17
23 0.11 1.1 0.05 15
8 31°27'N 80°24°'W 1 0.05 0.8 0.21 12
30 0.09 0.4 0.10 11
10 31°21'N 80°17"W 1 0.05 0.5 0.33 13
i 15 0.07 0.5 0.19 14
33 0.07 317 0.12 13
12 31°21°N 80°10°W 1 0.10 0.5 0.40 12
18 0.20 13.3 1.05% 13
36 0.15 2.7 1.29 13
BLUE FIN - March 1977
1 31°S2'N 80°50'w 18 0.13 3.1 0.10 12 46 74
4 31°51'N 80°23'W 26 0.04 n.9 0.12 11 20 45
7 31°46°'N B0°05°W 34 0.04 0.7 0.20 6 8 25
10 31°39'N 79°48'W 3 0.17 0.8 1.05 8 10 20
43 0.22 1.6 1.68 6 17 65
12 31°36'N 79°36°'W 3 0.07 1.0 0.30 10 17 41
BLUE FIN - May 1977
1 31°46'N 80°42'W 3 9 15 40
15 11 11 o
2 31°40'N 80°32°'w 3 9 11 18
21 7 11 36
3 31°35°'N 80°24'W 3 7 9 22
32 7 9 22
4 31°29°'N 80°11'W 3 ) 8 37
36 9 9 0o
5 31°24°'N 80°04'W 3 0.05 1.0 0.02 6 8 25
40 0.06 0.8 0.13 4 4 ]
6 31°19°'N 79°55°'W 3 0.04 0.4 0.01 7 9 22
55 0.09 0.9 0.13 4 7 43
COLUMBUS ISELIN - July 1977
1 31°54'N 80°52'W 3 0.44 0.9 0.8 5 12 58
4 31°48'N B0°44'W 3 0.14 0.4 0.01 5 7 28
25 0.20 0.7 0.01 7 9 22
7 31°43'N 80°07'W 3 0.09 1.0 0.01 7 16 56
36 0.07 1.6 0.07 5 12 58
53 31°14°'N 79°28'W 10 0.01 1.6 0.07 5 7 28
100 0.10 1.8 1.03 5 7 28
300 0.28 2.1 4.29 5 5 ]
500 1.27 10.9 20.13 5 S 0
670 1.86 21.5 27.5 5 5 ]
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FIGURE III-16., Arsenic (V) distribution in surface waters
March, 1976. (From Waslenchuk, 1977).
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concentrations (Figure III-17).

The concentration of copper in surface waters (Table III-6) was
found to vary regionally by Windom and Smith (1978a). Windom and
Smith (1978b) determined the concentrations of copper, nickel, and
zinc in shelf waters (Figure III-18) and also estimated the
relative importance of various transfer pathways (Table III-7).
They concluded that the most important input mechanism for these
metals is intrusion.

TABLE III-6

Regional variation in surface water copper concentrations.
From Windom and Smith (1978a).

Mean Cu Concentration

Region (ug/kg) (nm/kg)
Gulf Stream 0.14 + 0.05 2,2 + 0.8
Georgia Embayment#* 0.15 + 0.08 2.4 + 1.2
Onslow Bay** 0.07 + 0.03 1.1+ 0.5
Blake Plateau 0.20 + 0.08 3.1+ 1.2

* continental shelf between Cape Canaveral and Cape Fear.
** continental shelf between Cape Fear and Cape Lookout.

TABLE III-7

Relative importance of transfer pathways.
From Windom and Smith (1978b).

Percent of Total Annual Input

Transfer Pathway Cu Ni Zn
River input 8 5 3
Atmospheric input 15 8 8
Biological uptake 46 4 32
Gulf Stream intrusions 77 87 89

Analytical techniques used in the above studies employed heated
graphite furnace flameless AA of extracted samples (copper,
nickel, and zinc), cold vapor AA (mercury) or D.C.-arc induced
plasma emission spectrophotometry (arsenic).

Three ongoing projects are generating data on trace metals in
offshore waters. Windom and co-workers at Skidaway are conducting
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investigations on the geochemistry of trace metals in South
Atlantic Bight waters under sponsorship of the U. S. Department of
Energy. Shuman and co-workers at the University of North Carolina
are evaluating the complexation capacity of marine waters for
trace metals as part of a NSF grant (Shuman, 1978, personal
communication). Some trace metal data is also being produced by
Texas Instruments as a part of the BILM South Atlantic Benchmark
Study. (May, 1978, personal communication).

2.1.2.3 Effects of Dredging on Trace Metals in the Water Column

The effects of dredging and dredge spoil disposal on southeastern
estuarine water quality has been discussed in four recent
publications by Windom (1972b, 1973, 1975a, 1976b). The influence
of dredging on trace metals was particularly emphasized in these
papers. The results of this research suggest that dredging
projects in southeastern estuaries do not appreciably affect metal
levels in the water column. This conclusion may be due to the
fact that the sediments that were dredged during these studies
were not greatly contaminated with trace metals.

Windom and co-workers have recently completed. a study which
evaluates the use of . salt marshes for overland flow treatment of
effluents from dredged material disposal sites. This research was
sponsored by the Waterways Experiment Station of the U. S. Army
Corps of Engineers.

2.1.3 Nutrients in the Water Column

2.1.3.1 Rivers and Estuaries

Unlike the continental shelf waters and the Gulf Stream there is
very little systematic work being done on the nutrient chemistry
of estuaries, rivers and sounds. James Howard at the Skidaway
Institute of Oceanography is attempting to assemble all of the
relevant data for the Georgia coast, but the project is still
incomplete (Howard, 1978, personal communication). The study by
Vernberg and co-workers at the Belle Baruch Field Laboratory will
be most valuable in this area when results are published
(Vernberg, 1978, personal communication).

There have been few new measurements of nitrate, nitrite, ammonia,
phosphate and silica in estuarine waters. Simple measurements are
of very little or no use unless related to a valid hypothesis so
no attempt was made to obtain every measurement that may have been
made for various Envirommental Impact Statements and such.

Studies that determine temporal and spatial variations, and more
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importantly relate to significant processes, are the key to
increasing our knowledge. A publication by Gardner (1976) is
perhaps the most important publication in this area since the VIMS
report (Roberts, 1974). It has previously been hypothesized that -
salt marsh systems were "nutrient traps”, thus explaining their
high relative productivity. Gardner, however, made many
measurements of silica and phosphate flux from salt marsh sediment
into the coastal waters and concluded as follows:

"The input of these substances to coastal waters by
runoff from South Carolina marshlands is approximately
equal to that supplied by freshwater runoff from the
State. Thus marsh runoff may play an important role in
regulating the nutrient chemistry of estuarine waters
and should be considered in any attempt to model the
water quality of estuaries.”

It seems clear that the concept of "trap”™ or "source” may be too
simplistic in a dynamic, possibly non-steady state, system such as
a salt marsh ecosystem.

Fanning and Pilson (1973) conclusively show that silica acts as a
conservation property during the mixing of Savannah River water
with the shelf waters.

A recent paper by Windom, Dunstan and Gardner (1975) quantified
the input of nutrients via runoff to the estuarine/sound systems.
Figure III-19 shows the annual supply of phosphate from runoff
could meet all the phosphorus requirements of the coastal salt
marshes. Nitrate, however, could meet only 20 percent of the
demand implying other sources or more likely active regeneration.

Non-natural sources of nutrients to the South Atlantic Bight are
limited to the waste of the cities bordering the coast. Since the
population density is relatively low, this input is considered
negligible except in a few local cases.

The study of nutrient dynamics in the rivers, sounds and salt
marshes of the southeast U. S. has been quite unsuccessful in
elucidating specific critical pathways, determining the relative
role of regeneration and advective transport, or defining the role
of the salt marsh (Is it a trap or a source?). The work of
Gardner at the University of South Carolina on nutrient flux in
the salt marsh is probably the most applicable to the problem.

The integration of recent work with past is difficult to assess

since to date there has been no large-scale study of these
problems.
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As mentioned previously a large amount of data are being gathered
under the direction of Howard (Skidaway Institute). No doubt
there are other efforts along the coast. Nearshore data are
particularly difficult to handle in a large data handling system
because the mode of acquisition 1s often so sporadic and
unplanned.

2.1.3.2 Continental Shelf

Since 1972 there has been a resurgence of interest 1in the
continental shelf waters and especially the dynamic processes that
influence them. The effort has been carried out mainly by two
groups.

The Department of Energy initiated funding of a South Atlantic
Bight program in 1975 with scient{sts at North Carolina State
University, Skidaway Institute of Oceanography, University of
Georgia, and the University of Miami participating (Atkinson,
1978, personal communication). Another project, funded by NOAA
under the MARMAP program, was directed by scientists at the South
Carolina Wildlife and Marine Resources Department (Burrell, 1978,
personal communication). Additionally, the Coast Guard, as part
of its Search and Rescue research effort, made several studies in
the area in the mid-1970s. To date those data are unpublished.

As mentioned, the two efforts that have produced the most data are
the South Carolina MARMAP cruises and the DOE-funded effort
(Atkinson, 1978, personal communication; Burrell, 1978, personal
communication). The nutrient and hydrographic part of the DOE
effort 1is focused at the Skidaway Institute . of Oceanography.
Table III-8 and Table II1-9 summarize the cruise efforts of the
two groups.

TABLE III-8

Cruises by the South Carolina Wildlife and Marine Resources Department
as part of their MARMAP Program (cruises for which technical data
reports exist). Reference for all cruises is Mathews and Pashuk (1977)|

Date Cruise # Area
13 Feb - 23 Mar 1973 D2-73 Cape Canaveral to Cape Fear
15-27 May 1973 D3-73 Jacksonville to Cape Fear
9-10 July 1973 D4-73 Savannah to Charleston
23 Oct - 16 Nov 1973 D5-73 Cape Canaveral to Cape Fear
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TABLE III-9. Cruises by the Skidaway Institute of Oceanography as part of their Department of
Energy funded program for which technical data reports exist or are in preparation.

DATE CRUISE # AREA REFERENCE
4-11 September 1973 E-13-73 Georgia Bight Atkinson (1975, 1977)
8-15 December 1973 E-19-73 Georgia Bight Atkinson (1975, 1977)
23-30 April 1974 E-3-74 Georgia Bight Atkinson (1976, 1977)
23-30 July 1974 E-12-74 Georgia Bight Atkinson (1976, 1977)
9-14 April 1975 E-1G-75 off St. Augustine, Fla. Atkinson, Paffenhofer,
and Dunstan (1977)
6~7 August 1975 AD-75-01 Onslow Bay, N. C. Atkinson, Singer and
Pietrafesa (1976)
4-14 September 1975 E-9~75 Onslow Bay, N. C. Atkinson, Singer, Dunstan,
and Pietrafesa (1976)
13-14 October 1975 AD-75-02 Onslow Bay, N. C. Atkinson, Singer. and
Pletrafesa (1976)
8-11 December 1975 AD-75-03 Onslow Bay, N. C. Atkinson, Singer and
Pietrafesa (1976)
14-18 July 1976 BF-76-@B5 Onslow Bay, N. C. Singer, Atkinson, Chandler.
) and O'Malley (1977)
21-23 July 1976 BF-76-9B6 Onslow Bay, N. C. Singer, Atkinson, Chandler
and O'Malley (1977)
28 July-6 August 1976 BF-76-@B7 Onslow Bay, N. C. Singer, Atkinson, Chandler:
and O'Malley (1977)
14-16 August 1976 BF-76-@B8 Onslow Bay, N. C. Singer, Atkinson, Chandler;
and O'Malley (1977)
18 August 1976 BF-76-@B9 Onslow Bay, N. C. Singer, Atkinson, Chandler:
- eand 0'Malley (1977)
8-18 Octobexr 1976 BF~76~30,32,33,39 Georglia Coast In preparation
9-15 December 1976 CcI~76-12 Georgia Bight In preparation
8-9 March 1977 BF-77-14 Georgia Bight In preparation
8-16 April 1977 AD-77-4 Georgia Bight In preparation
19 April 1977 BF-77-29 Georgia Bight In preparation
21 April 1977 BF-77-30 Georgia Coast In preparation
26-27 April 1977 BF-~77-38 Georgia Bight In preparation
4-10 July 1977 CcI-77-03 Georgia Bight In preparation
13-14 September 1977 BF-77-57 Georgia Bight In preparation
5-9 November 1977 C1-77-07 Georgia Bight In preparation

23-27 January 1978 CI-78-01 Georgia Bight In preparation




Cruises listed in these tables are our principal new source of
nutrient information. By area the MARMAP cruises covered the
whole South Atlantic Bight and added new information for the area
off Charleston. The DOE and pre-DOE cruises out of Skidaway
Institute, North Carolina State University and the University of
Miami are concentrated in Onslow Bay and the Georgia Bight.

Most of these cruises included measurements of silica, phosphorus
and nitrate. Nitrite is seldom measured because experience has
shown that the concentrations are typically very low. Ammonia
also is seldom measured, both out of knowledge that concentrations
are low and that the method is difficult and unreliable at low
concentrations.

The only new published data on particulate nitrogen are from the
paper by Haines (1975) and Haines and Dunstan (1975). Haines and
Dunstan (1975) found highest particulate nitrogen concentrations

- in nearshore areas with a seasonal peak in the summer (Table

111-10). No recent particulate phosphorus data have been
published.

TABLE III-10

Mean particulate organic nitrogen concentrations* (ugN/L) in

surface waters of the Georgia Bight (from Haines and Dunstan, 1975).

CRUISE/DATE
E-13-73 E-19-73 E-3-74 E-12-74
Water Depth  Sept 1973 Dec 1973 Apr 1974 July 1974
0-20m 27.6 + 19.8 29.8 + 15.5 34,6 + 9.2 37.3 + 10
20-200m 20.8 + 8.1 14.5 + 4.8 20.6 + 8.4 4.4 + 8
over 200m 9.5 7.6 21.2 + 0.2 7.5+ 3
shelf 23.7 + 16.1 23.4 + 10.8 27  + 10.7 23.4 + 15

* + one standard deviation unit.

¢ o o
FoaEs N

Studies of temporal and spatial variations in nutrient
concentrations are the key to understanding nutrient dynamics.
Intrusions of Gulf Stream water into the South Atlantic Bight
Shelf waters is one of the dominant processes affecting nutrient
concentrations in the Bight. Atkinson (1977) noted that the Gulf
Stream can present waters of various densities at the shelf break.
Easterly motions of the Stream cause ascending movement of
isotherms and cold, dense water appears at the shelf break.
Conversely, westerly motions of the Stream cause descending
movement of isotherms and warmer, less dense waters at the shelf
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break (Figure III-20). At this point whether the water intrudes
across the shelf or not depends on the relative difference between
shelf and intruding water densities and forcing by wind, tide or
Gulf Stream. Atkinson identified three basic types of intrusions
(Figure III-21): override, interleaving and bottom intrusion.
Analysis of the average shelf water densities indicated that 20°C
Gulf Stream water could form a bottom intrusion anywhere along the
southeast U, S. coast except in January when shelf water densities
are relatively higher and interleaving or override would occur.

While Atkinson (1977) discussed intrusions as to cause and type,
it is of essence to discuss the effect on nutrient concentrations.
Intruding Gulf Stream water can transport 1large amounts of
nutrients~-especially nitrate——into the shelf waters. Figure ITI-
22 shows a nitrate — temperature plot for South Atlantic Bight
shelf waters and Gulf Stream waters. The important observation is
that Gulf Stream waters of less than 20°C contain large amounts of
nutrients (>5uM) and represent an important nutrient source.

The horizontal and vertical extent of nutrient—rich intrusion was
determined by Atkinson (1978) based on four cruises in the South
Atlantic Bight in 1973 and 1974. Figure III-23 shows the zone of
nutrient-rich Gulf Stream water as it moves onto the shelf from
east to west. Note that in the southern sections, off the St.
Johns River, high nutrient concentrations extended to the surface.
Runoff is shown moving out from the coast. Figures III-24, III-
25, and I1I-26 show similar maps for the other three cruises. The
horizontal extent of the intrusions and runoff is summarized in
Table III-1l1.

The flux of nutrients into the shelf waters is difficult to
quantify. Dunstan and Atkinson (1976), using intrusion volume
data, estimated the annual flux at 25 percent of the required new
nitrogen.

‘Haines (1975) summarized some of the results of four cruises in
1971 and 1972 into a table of the standing stock of nitrogen in
shelf waters (Table III-12). Based on more recent data discussed
in this paper, she has probably underestimated the effect of Gulf
Stream intrusions. ‘
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Relation of the onshore/offshore position
of the Gulf Stream to the near-bottom
temperature at the shelf break (50m).
lateral position of the Gulf Stream was
horizontal distance from the shelf break
to the point at which the 20 C isotherm
reaches 100m depth. Data from Atkinson
(1975, 1976). (From Atkinson, 1977).
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FIGURE III-21. Modes of Gulf Stream water (GSW) intrusion into
shelf water (ShW): a) override; b) interleaving;
c) bottom intrusion. (Atkinson, 1977).
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Nitrate vs temperature for South Atlantic
Bight waters (shelf and Gulf Stream).
From Atkinson (1978).
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FIGURE III-23.

Observed distribution of runoff (from the
shore) and nutrient rich Gulf Stream intrusion
water for cruise E-13-73 (Sept. 1973). From
Atkinson (1978).

ITI-41




COOPER

v
!

32°

31°
ST JOMNS ]
RIVER .
30° 30°

h
Ay
N

FIGURE III-24.

Observed distribution of runoff (from the shore)
and nutrient rich Gulf Stream water for cruise
E=-19-73 (Dec. 1973). From Atkinson (1978).
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FIGURE III-25,

Observed distribution of runoff (from the
shore) and nutrient rich Gulf Stream water

for cruise E-3-74 (April 1974). From
Atkinson (1978).
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FIGURE III-26. Observed distribution of runoff (from the
shore) and nutrient rich Gulf Stream water
for cruise E-12-74 (July, 1974). From
Atkinson (1978).
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TABLE III-1l1.

Section I

(off Charleston)
Section II

(off St. Belena
Section III
(off Savannah)
Section IV

(off Sapelo 1s.)
Section V

(0ff Jekyll 1s.)
Section VI

Average observed offshore extent of runoff and
onshore extent of intrusions (Atkinson, 1978).
Distances in km ¥ cne standard deviation unit.
n is number of observations.

AVERAGE OFFSHORE EXTENT OF RUNOFF

(off Jacksonville)

Average for all

Section I

(off Charleston)
Section II

(0ff Helena 1Is.)
Section III
(off Savannah)
Section IV

(off Sapelo 1Is.)
Section V

(off Jekyll Is.)
Section VI

56.5 + 33.3 n= 4

42.3 + 23.6 n= 4
Is.)

33.8 + 15.0 n= 4

37.8 + 23.0 n= 4

19.5 + 1.3 n= 4

2.7 + 4.6 n= 3
sections 33.4 + 24.7 km n=23

AVERAGE INSHORE EXTENT OF INTRUSIONS

(off Jacksonville)

Average for all

15.5 + 17.2 n= 4
12.8 + 10.5 n= 4
27.3 + 9.5 n= 4
11.5 + 1.3 n= 4
13.5 + 13.4 n= 4
40.0 + 30.8 n= 3
sections 19.2 + 16.6 km n=23
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TABLE III-12
Calculated nitrogen inputs, uptake, and standing stock in shelf
waters between Charlesto%j South Carolina and Fernandina Beach,
Florida (10! gN). (From Haines, 1975)

Nearshore Zone 'Total for Shelf

0-20m 0-200m
Annual inputs
Fresh-water drainage - 0.42
Deep~water intrusions - 0.76
Precipitation 0.29 0.75
Total 1.93
Annual uptake 46.7 93.7
Standing stock 0.48 1.88

There are only two important sources of new nutrients to the South
Atlantic Bight: Gulf Stream intrusions and runoff. Runoff is not
a significant nutrient source (Windom, Dunstan and Gardner, 1975).
Intrusions of Gulf Stream water (Atkinson, 1977) are a significant
source of "new" nutrients (Haines, 1975; Dunstan and Atkinson,
1976). ° Dunstan and Atkinson (1976) estimated that Gulf Stream
intrusions could supply at least 25 percent of - the nitrate
requirements of shelf primary production.

The regeneration of nutrients, especially nitrate which is
probably limiting, has not yet been measured directly in the South
Atlantic Bight. It is the current feeling among area scientists
that it is a very important source and may well control primary
productivity during some seasons. To date no definitive
experiments have been made.

While the previous discussion has focused on the Georgia Bight,
there 1is also new information from the Onslow Bay area. Recent
evidence (Singer, Atkinson, Chandler and 0'Malley, 1977) confirms
the previous observations made in the Bay that nutrient-rich
waters do often invade the Bay in the summertime. Calculations of
intrusion volumes (Atkinson, 1978, personal communication) show a
range of 11 to 35 percent of the Bay volume. Although the nitrate
concentrations in these intrusions were less than 1 yM, they are
still an important source of nutrient since there are essentially
no other sources.
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2.1.3.3 Gulf Stream and Blake Plateau

The Gulf Stream and Blake Plateau (which essentially lies beneath
the Gulf Stream) has not been the subject of any specific recent
studies except as incidental to the South Carolina MARMAP study
(Mathews and Pashuk,. 1977) and the DOE-funded studies at
University of Georgia, Skidaway Institute, North Carolina State
University and the University of Miami. No doubt there have been
incidental measurements, especially by the EASTWARD program at
Duke University.

The Gulf Stream is of course a region of steeply inclined
isothernms. The concentrations of the principal nutrients
(phosphate, nitrate and silicate) increase nearly linearly in
proportion to decreasing temperatures (see nitrate vs. temperature
plot in previous section (2.1.3) on continental shelf nutrients).

The transport of this nutrient-rich water into shelf waters was
" already discussed in previous sections; however, there are some
exciting new developments, especially with respect to the
permanent Gulf Stream meander off Charleston.

The observations of Mathews and Paskuk (1977) over four cruises
delineated the large Gulf Stream meander off Charleston (locally
known as the "Charleston Bump”). Two figures from their study are
shown. The section depicted is on the 32.5°% paralliel which rums
essentially due east of Charleston. Figure III-27 1is the
temperature section and Figure III-28 is the phosphorus section.
In the normal case the isotherms rise to the west and intersect
the continental slope; however, in this case, a dome structure is
present that is indicative of a large Gulf Stream eddy (Lee, 1975;
Lee and Mayer, 1977). The vertical motions associated with this
feature are important to the vertical flux of nutrients.

In this case, phosphate concentrations of 0.3 um are found at 50m
which is well within the euphotic zone. A phosphate concentration
of 0.3 ym would correspond to a nitrate concentration of about 5
um waters iIin this area., It would be expected that phytoplankton
productivity would be particularly high in this area.

Little has been added to our basic concept of nutrient dynamics of
the Gulf Stream (excluding shelf break/intrusion studies) since
the Woods Hole studies in the 1930~1960 time span. The one new
development is the awareness of the permanent meander off
Charleston. This, however, is a fine tuning of our knowledge.

A large amount of data are being gathered by three groups: 1) the
DOE funded researchers at Skidaway Institute, University of Miami,
University of Georgia, and North Carolina State University; 2)
Coast Guard Search and Rescue studies; and 3) Bureau of Land

III-47



8y-1II1

EPTH (m)

(=]

FIGURE III-27.

25

24

23
1

STATION
2

21I 2 P 119

50

100

150

200

26

25

24
23

/N

200
300
400
500
600

700

TEMPERATURE (T°C)
D3-73

MAY 1973
LAT.32°30'N

Vertical distribution of temperature off Charleston, S. C. Note

"doming" of isotherms.

Figure from Mathews and Pashuk (1977).

atypical




6v~-II1I

STATION

100}

150 -

EPTH (m)

200

o 200
300}
400}
500}
600

T

700

FIGURE III-28.

PHOSPHATE PO} - P (ug-at/l)
D3-73

MAY 1973

LAT.32°30'N

\\\\\

Vertical distribution of phosphate off Charleston, S. C. Note rise of

isolines to shallow depths in the "dome" structure. Data from Mathews

and Pashuk (1977).




Management benchmark studies. All three data sources are
regularly submitting their data to the NODC so it is available.
We know of no large data sets that would be of value to the study
of relevant processes that are lying in a state of permanent
recluse. One exception may be data acquired by the Navy with
respect to the submarine activities off Charleston, South
Carolina. It could be reasonably assumed that they have a large
amount of information and knowledge from the area and have it
classified.

2.1.4 Chlorinated Hydrocarbons in the Water Column

2.1.4,1 Rivers and Estuaries

The Indian River Ecological Study analyzed water from this
estuarine river and lagoon system located near Titusville,
Florida, for heptachlor epoxide, ethion, malathion and dieldrin:
(Gibson, 1978, personal communication). On a weekly or monthly
basis the sediments and waters of South Carolina at 350 stations
have been analyzed for pesticides by the U. S. Geological Survey
of South Carolina (Harris, 1978, personal communication). The
pesticides included diazinon, DDA, DDD, DDE, DDT, dieldrin,
aldrin, buthoion, carbaryl, chlordane, ednrin, ethion, heptachlor,
heptachlor epoxide, lindane, methoxychlor, methylparathion, mirex,
telodrin, toxaphene and toxaphene. DDT and DDE have been analyzed
in the Santee River, South Carolina (Mathews, 1978, personal
communication). Concentration of pesticides in these waters 1is
generally very low (Table III-13).

2.1.4.2 Continental Shelf

Harvey, Steinhauer and Teal (1973) analyzed PCBs in Atlantic ocean
surface waters. Between 25°N and 35°N the concentrations ranged
from 1 to 88 x 10 ° pg/liter. At a station at 27°N, 67°W the PC
concentration at 10m, 150m and 600m was 0.7, 0.8 and 0.9 x 10~
ug/liter, respectively (Harvey and Steinhauer, 1976a).

2.1.5 Radionuclides in the Water Column

No studies on radionuclides in the water column were reviewed by
Roberts (1974). Very little data have been produced since then.
Much of the data which has been accumulated has been by the
Department of Energy's Savanah River Laboratory and 1is not
available to the public. Most of this, however, has dealt with
the upper Savannah River. The only publication that has dealt
with radionuclides in southeastern waters is that of Hayes, LeRoy
and Cross (1975). They measured the activity of plutonium-239 and
plutonium-240 in estuarine particulates collected in the Neuse,
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Pesticide analyses from South Carolina water samples.

TABLE III-13.

From Law (1971).
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Newport and Savannah River estuaries (Table III-14). Assuming
that plutonium 1is primarily associated with particulate matter,
these authors estimate that estuarine waters contain 0.24-2.4 f
Ci/liter.

Hayes and co-workers at the Savannah River Laboratory of E. I. du
Pont de Nemours and Company in Aiken, South Carolina, are
continuing their work on the plutonium distribution 1in
southeastern Atlantic estuaries (Hayes, 1978, personal
communication). They are also conducting investigations of
tritium in coastal and estuarine waters. Cross at the NOAA, NMFS
Lab in Beaufort, North Carolina, is collaborating on this project
(Cross, 1978, personal communication).

2.2 Sediments

2.2.1 Hydrocarbons in Sediments

2.2.1.1 Rivers and Estuaries

Fluoranthene and benzo(a)pyrene have both been identified in
sediments from the Cooper River, South Carolina, in an area
heavily contaminated with oil (Lee, 1978). Sediment samples from
the Santee River, South Carolina, have been analyzed for "oil”
quarterly during one year (Mathews, 1978, personal communication).
Analysis by the Envirommental Protection Agency (Linton, 1972)
show high concentrations of "oil and grease” in sediments of the
Charleston Harbor (Table III-15).

2,2.1.2 Continental Shelf

In continental slope and continental shelf areas, hydrocarbon
concentrations in the sediment generally are in the range of 1 to
100 ug/g (Farrington and Meyer, 1975). Inshore areas generally
have much higher hydrocarbon concentrations. Farrington and Tripp
(1977) report on some hydrocarbon analyses of sediment from 31°y.
The concentration of hydrocarbon was 1.2 ug/g with no aromatics
detected. The conceptration of n-C,, was 5.1 x 10 7 pg/g and for
~C was 32 x 10 ° yg/g. The preliminary results of Warner
(1933) for the Bureau of Land Management's OCS study of the South
Atlantic Benchmark Program shows hydrocarbon concentrations in the
sediment to range from 0.2 to 2.0 g/g. These appeared to be
primarily biogenic hydrocarbons. Pyrene and fluoranthene have
been 1isolated from manganese nodules collected on the Blake
Plateau (30°N, 78°W; Thomas and Blumer, 1964).

The recently completed BLM South Atlantic OCS Benchmark Study will
produce considerable new data on hydrocarbons in sediments.
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TABLE III-14. Measurements of Pu-239, 240 in estuarine particulate matter.
(From Hayes et al., 1975).

Salinity Activity in Partic- Concentration of Portion of Total S-um Particulate
Sample Location Parts per ulates (5~-uym + l-pm) 5-um Particulate Particulate Activity Activity,
(See Figs. 1 & 2) Thousand £Ci/1 water? Matter, mg/l water in 5-pym Fraction, 8 £Ci/g ash

Neuse River Estuaryb

Station 1 <0,1 0.42 + 0.08 2.5 30
2 2.8 0.28 + 0.11 1.3 23 49
3 5.4 0.52 + 0.20 1.9 22 60
4 8.3 0.45 + 0.06 2.7 53 89
5 9.8 0.60 + 0.06 2.9 47 97

Beaufort Inlet 34.1 1.20 + 0.12 12,7 62 59

Newport River Estuary®

Station 1 <0.1 0.24 + 0.08 0.8 22 66
2 1.4 1.83 + 0.24 8.1 29 - 66
3 4.8 2.13 £ 0.31 9.5 35 79
4 9.8 1.56 + 0.21 3.9 23 92
5 13.1 2.53 + 0.40 9.5 18 48

1.23 + 0.25 5.6 24 . 52

Savannah River Estuaryd

Station 1 <0.1 0.25 + 0.07 3.0 17 14
2 1.6 0.47 + 0.10 3.6 31 40
3 3.1 0.57 + 0.10 3.4 24 40
4 6.8 0.35 + 0.10 3.5 45 45
5 14.4 0.64 + 0.13 6.7 30 28
6 27.4 0.17 + 0.03 7.4 87 20

3The drinking water standard for plutonium is 5 x 103 fci/1 15). Csee Figure 1.

b233,240py jpn the 5-ym particulates dsee Pigure 2.

Z237,2%0py in the (1-ym + S5-um) particulates

x 100




TABLE III-15. Concentrations of oil and grease in Charleston
Harbor sediment samples (collected March 1971).
From Linton (1972).

Lab No. Sample No. 1/ Percent Dry Weight
o 0il and Grease
EPA LIMITS 0.15
71-306 NMF~1 0.715
71-307 NAD-1 0.903
71-308 NAD=-2 0.542
71-309 NAD-3 0.698
71-310 NAD-4 0.442
71-311 cc-1 0.737
71-312 sl2-1 0,717
71-313 sl2-2 0.283
71-314 s12-3 0.156
71-315 $3-1 0.598
71-316 S4-1 0,518
71-317 $4-2 0.124
71-318 $5-1 0.121
71-319 SS5a-1 0.069%
71-320 S5a-2 0.072
71-321 SSA-3 0.260
71-322 SSA-~-4 0.313
71-323 SR-1 0.234
71-324 SR=2 0.285
71-325 SR~3 0.042
71-326 SR-4 0.107
71-327 S6-1 0.094
71-328 S6B-1 0.019
71~329 S6A~-1 0.090
71-330 S6a-2 0.066
71-331 ’ S6A=-3 0.063
71-332 S6a-4 0.136
72-333 s6C-1 0.074
71-334 s6C-2 0.054
71-335 S6C-3 0.007
71-336 CHR-1 0.072
71-337 TWR-1 0.226
71-338 AB-1 0.012
71-339 AB~2 0.058
71-340 AB-3 0.075
71-341 AB-4 0.048
71-342 EC-1 0.030
71-343 EC=-2 0.028
71-344 EC-3 0.026
71-345 EC=-4 0.038
71-346 EC-5 0.008
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2.2.2 Trace Metals in Sediments

2.2.2.1 Salt Marsh and Estuarine Sediments

Many publications describe various types of trace metal studies
that have been conducted In southeastern Atlantic salt marsh
estuaries. Some of these have been general surveys but most are
addressed to the biogeochemical behavior of these substances in
sediments. Studies have dealt with the interactions between the
sedimentary and water columns as well as the exchange of trace
metals from sediments to biota. For this reason, many of the
references cited here are also cited in trace metal sections
dealing with the water column or biota.

General sediment exchange processes which determine particulate
matter fluxes through salt marshes have been investigated by
Settlemyre and Gardner (1975b; 1977). Gardner (1976) found that
salt marsh sediments are enriched in trace metals such as
molybdenum, copper, and zinc as compared to river flood plain
sediments. This may be related to the findings of Settlemyre and
Gardner (1977) who found that salt marshes import inorganic
suspended solids and export organic suspended solid, if the latter °
is less enriched in these elements.

Several workers have estimated trace metal budgets in salt marsh
sediments. Using data on trace metal distributions in marsh
sediments with depth and a sedimentation-diffusion model (Figure
IIT-29), Bhate (1972) calculated budgets for iron, manganese,
zinc, copper, nickel, and cobalt. These budgets took into account
advection-diffusion, sediment accumulation and uptake by Spartina
alterniflora. Bhate (1972) also evaluated metal distributions in
relation to vertical variations in Eh, pH, and sulfide potential.

Settlemyre and Gardner (1975a) determined the concentration of
iron, copper, zinc, and lead flow into and out of a salt marsh. No
significant differences were observed in the concentration of
copper, zinc, and lead, but observed variations in the iron
concentrations sgggest that marshes may export this metal at a
rate of 1.0 g/m® per year. These authors also evaluated the
various processes which may influence trace metal transfer through
salt marshes. '

Studying two different marsh sites, Barnes, Craft and Windom
(1973) estimated budgets for iron and scandium (Table III-16).
These indicate that plant uptake is an important process.

Windom (1976a) determined trace metal concentrations in salt marsh
cores collected at 25 stations between Georgetown, South Carolina,
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MODEL FOR
TRACE METAL DISTRIBUTION

D UPTAKE OF
SUPPLY OF TRACE METALS '

TRACE METALS
BY SEDIMENTATION BY PLANTS

& TRACE METALS BY

REDUCING SEDIMENT OXIDATION

UPWARD MIGRATION OF TRACE METALS
BY DIFFUSION
A

FIGURE III-29. Model for trace metal distributions in
marsh sediments showing various processes
involved in the supply and removal of

trace metals from sediments. (From Bhate,
1972)
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TABLE III-16. Budgets for iron and scandium in salt marsh
sediments. Fram Barnes et al., 1973.

Marsh sedimentation rate = 1 mm/yr or = 0.50 mm/yr (dry wt)
Sediment density = 2 g/em3
Annual production of Spartina alternifloru S 700 g/m?2 /yr (dry wt)

Thunderbolt Hell Gate
Av. per cent of Fe in 29 . 1.8
sediment
Av. per cent of leachable 0.8 0.3
Fe in sediment
Av. ppm Sc in sediment 14.4 12.7
Fe accretion rate in 20-30 g/m?/yr 18-20 g/m? /yr
sediment
Sc accretion rate in 1.4-1.5 x 10 g/m?/yr 1.3x 107%g/m? fyr
sediment
Fe uptake by plants 1.5 g¢/m?/yr 0.9 g/m?/yr
Sc uptake by plants 1.9 x 10%g/m?/yr 2.0x 10 g/m?/yr
Per cent Fe removed ~6 ~5
by plants
Per cent leachable Fe ~20 ~30
removed by plants
Per cent Sc removed (1 (1

by plants
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and Jacksonville, Florida (Figure III-30). Samples were analyzed
for iron, manganese, copper, mercury, cadmium, lead, and =zinc
(Table III-17). Of the total amounts of iron, manganese, cadmium,
and mercury transported into the salt marsh system by rivers,
Windom (1976a) estimates that 100 percent of the irom, 64 percent
of the manganese, 17 percent of cadmium, and 11 percent of the
mercury is lost to sediments.

Trace metal interactions between sediments and biota have been the
subject of several studies conducted in the southeastern Atlantic
estuarine enviromment. The early work of Williams and Murdoch
(1969) considered the interactions between Spartina alterniflora
and sediments in the cycling of zinc, manganese, and iron.
Subsequently, Rahn (1973) evaluated this same interaction for
mercury. Dunstan, Windom and McIntire (1975) investigated the
role of Spartina alterniflora on the flow of lead, cadmium, and
copper through the salt marsh ecosystem. They found little
relationship between concentrations in the plant and those in the
sediment (Figure III-31). :

Whaling, Barber and Paul (1977) have determined the concentrations
of mercury, cadmium, chromium, copper, iron, lead, manganese, and
zinc in sediments of Calico Creek, North Carolina, near a
municipal sewerage outfall. These investigators also determined
metal levels in macrobenthic organisms from the area. For most
metals, a clear relationship was found between concentrations in
sediments and organisms with distance from the outfall. A study
by Windom, Gardner, Stephens and Taylor (1976) of the mercury
distribution in sediments in the vicinity of a chlor-alkali plant
showed similar results.

In each of the four states bordering the study area of this
review, many ongoing monitoring programs are conducted which
result in data on sediment trace metal concentrations. The
Wilmington, Charleston, Savannah, and Jacksonville Districts of
the UJ. S. Army Corps of Engineers routinely monitor sediments in
harbors and waterways as a part of their dredging program
(Kutscheid, 1978, personal communication; Carothers, 1978,
personal communication; DeRigo,. 1978, personal communication; L.
Sanders, 1978, personal communcation). As a result, they
generally have extensive sediment trace metal data. Research
programs conducted by Gardner and co-workers at the University of
South Carolina (Gardner, 1978, personal communication), the Marine
Resources Research Institute in Charleston, South Carolina
(Mathews, 1978, personal communication), and Barber (1978,
personal communication) and associates at Duke University have
ongoing programs which relate to trace metals in sediments.

III-58



— 33° 33—

- 32+ Georgia 32

L 3 31°

[ 3
[+
.

79

’.—

FIGURE III-30. Locations of salt marsh cores analyzed by
Windom (1976a).
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TABLE III-17.

Average metal concentrations in marsh cores.
Station numbers correspond to those shown in
. Figure III-30. From Windom (1976a).

Station % pom -
Number Fe Mn Cu Hg Cd Pb in
1 3.9 103 30 0.12 3.4 25 63
2 250 16 0.09 5.0 26 67
3 3.9 166 26 0.16 2.9 20 67
4 5.0 142 25 0.05 3.3 20 72
5 209 24 0.08 4.4 27 70
6 158 10 0.01 1.0 16 36
7 1.2 139 4 0.04 0.4 9 51
8 1.8 114 4 0.02 0.8 9 21
9 4.1 309 16 0.04 - 2.1 13 51
10 1.9 174 3 0.04 0.1 4 11
11 2.4 151 8 0.06 0.5 8 67
12 4.8 260 12 0.09 0.6 16 70
13 4.6 353 20 0.16 0.8 21 81
14 3.4 319 10 0.10 0.4 20 57
15 4.0 173 10 0.11 018 19 64
16 2.9 366 8 0.02 0.8 15 48
17 2.7 262 6 0.05 0.2 20 42
18 3.2 273 12 0.16 0.8 24 61
19 1.1 175 4 0.03 1.6 11 17
20 3.7 168 8 0.06 0.8 15 43
21 3.1 244 8 0.07 1.2 12 37
22 4.7 132 7 0.06 0.8 13 39
23 2.9 128 10 0.08 0.7 20 45
24 0.9 205 5 0.05 0.8 15 21
25 1.5 74 2 0.05 0.4 9 15
Mean 3.1 202 11 0.07 1.4 17 49
Average
Accumulation
Rate*
{mg/m2-yr)
4,5x10% 303 16 10 2.1 25 71

*Assuming an average sedimentation rate of 1 mm/yr and an average specific

gravity of marsh sediments of 1.5 g/cc.

Analytical techniques similar to those for suspended sediment.
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RIVER SYSTEM

Mean metal concentrations in Spartina and marsh
sediment from six southeastern rivers. Each
Point represents the mean of at least six
measurements for Spartina and 10 measurements
for the sediment. The standard deviation about
each mean is indicated by the vertical lines.
From Dunstan et al. (1975).
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2.2.2.2 Continental Shelf and Blake Plateau ]

There have been no publications on the’ trace metal concentration
of continental shelf sediments. Ongoing programs are, however,
producing extensive data on this subject and much of this should
be published soon. For example, M. Bothner of the U. S.
Geological Survey has completed a study of the vertical
distribution of copper, zinc, chromium, and lead-210 in cores
collected from the continental shelf off Georgia (1978, personal
commmication). This data should be available in report form by
the summer of 1978, Results of the BLM South Atlantic OCS
Benchmark program conducted by Texas Instruments will contain
extensive trace metal data for surficial sediments and should also
be available soon.

Trace metal concentrations in sediments of the Blake Plateau are
dominated by manganese nodules. A survey of the composition of
manganese nodules from this areas has been made by Manheim (1974).
No other data are available, although some corporations interested
in these mineral deposits have conducted proprietary
investigations.

2.2.3 Nutrients in Sediments

The interrelationship between nutrients and the sediment {is
discussed in the section on rivers and estuaries. There have been
no reported studies specific to this topic relative to shelf
sediments. :

Studies that have been conducted indicate that the sediment is not
a significant source of nutrients for the South Atlantic Bight
waters. Gardner and Menzel (1974), for example, found particulate
carbon in the sediment to decrease rapidly offshore, implying that
nutrient release rates would also decrease rapidly in the offshore
direction.

South Atlantic Bight sediments are, in general, not fine grained
and areas of mud or clay that would be conducive to anoxic
conditions are rare or non-existent. Therefore, the sediments are
not expected to be a significant nutrient source. Reidl, Huang
and Machan (1972) did make an interesting study of the "tidal
pump”, a mechanism by which interstitial waters are advected out
of the sediment as a result of tidal action. However, since it is
anticipated that nutrient concentrations in the sediments are very
low, the resultant flux would be minimal.
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2.2.4 Chlorinated Hydrocarbons in Sediments

2.2.4,1 Rivers and Estuaries

Estuarine sediments near Georgetown, South Carolina, had
concentrations of 1.8, 1.9, and 3.0 ng/g for DDE, DDD, and PCB,
respectively (Williams and Bidleman, 1977; 1978). Toxaphene was
less than 3 ng/g (Table III-18). Concentrations of pesticides in
sediments of the Cooper River are shown in Table III-19. The Army
Corps of Engineers has data on the amounts of aldrin, "DDE, DDD,
DDT, and dieldrin, endrin, heptachlor, lindane, and 2,4-D in
sediments in coastal waters of Florida (L. Sanders, 1978, personal
communication). Estuarine sediments collected near a toxaphene
plant near Brunswick, Georgia, had toxaphene concentrations of up
to 180 ng/g but less than 3 pg/g after reduction of plant effluent
(Reimold and Durant, 1974; Reimold, 1975; Robinson, 1978, personal
communication). Dieldrin and DDE were also determined in this
area.

TABLE III-18
Levels of chlorinated hydrocarbons in sediments collected at the North
Inlet Estuary, South Carolina (means of 4-6 results). From Williams
and Bidleman (1977).
ORGANOCHLORINES IN MARSH SEDIMENTS

1072 g/g Dry Wt.*

Aroclor 1254 3.0
p,p-DDE 1.8
p,p—~DDD 1.9
Toxaphene <37

*Upper 1-5cm

2.2.4.2 Continental Shelf

In the bottom sediments of the open Atlantic Ocean between 25 and
33%y where water depths were 4000 to 6000m, the PCB concentrations
ranged from 0.1 to 57 pg/kg (Harvey and Steinhauer, 1976b).

2.2.5 Radionuclides in Sediments

Hayes et al. (1975) determined the concentrations of plutonium in
surface marsh sediments from the Savannah River estuary.
Increased plutonium-238 alpha percentages above that expected from
fallout were assumed to result from releases from the Savannah
River Nuclear Plant. Total plutonium activity i1in surface
sediments of between 4 and 11 fCi/g decreased at depths to about
0.1-1 fci/g.
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TABLE TII-19.

Pesticide analyses for Cooper River, South Carolina bottom sediments.
From Law, 1971.

R.

Cooper R.

(ug/kg)
k|
Date 5 ﬁ ﬁ

& # [=] E (5 E g
Sampling Site Time 2 8 Qa 8 a é
PB-1 Cooper R. at mile 5.2 5-4-71 1.7 0.0

0900
PB-2 Cooper R. at mile 8.0 5-4-71

0930 1.1 0.0
PB-3 Cooper R. at mile 10.3 5-4-71
at mouth of goose C 1020 0.0 0.0
PB-4 Clouter C 1.5 mile from | 5-4-71
North Confluence with Cooper 1045 0.0 0.0 0.0 0.0 0.0 0.0
PB-5 Clouter C 1/4 mile from 5-4-71
Northern Confluence with 1035 0.0 0.0
PB-6 Cooper R. at mile 15.5 5-4-71 0.0 0.0 0.0 0.0
PB-7 Cooper R. at mile 19.0 5-4-71 .

1152 0.0 0.3 0.1 0.0 0.0 0.0
PB-8 Durham C. Canal 1/4 mi. 5-4-71
from Northern Confluence with 1330 0.0 8.4 1.5 0.0 0.0 0.0

N. Branch Cooper R.

]

d © &
a .| 4
& | <
i o N
0.0 0.0

0.0 | 0.0

0.0 0.0




Goldberg, Griffin, Hodge, Koide and Windom (1978) also
investigated the distribution of plutonium in the Savannah River
estuary. Using the lead-210 dating method, they determined rates
of sediment accumulation and established time-stratigraphic
horizon plutonium profiles. Cesium-137 was also measured in these
depth profiles. Activities of these 1isotopes in the surface
sediment were found to be similar to those of other similar
estuarine enviromments.

Hayes and co-workers at the Savannah River Plant have an ongoing
program of study of both plutonium and tritium in southeastern
Atlantic estuarine sediments (Hayes, 1978, personal
communication). ‘

2.3 Biota

2.3.1 Hy&rocarbons in Biota

2.3.1.1 Estuarine Organisms

We can find little reported information on hydrocarbons of the
biota from the region of study. Using a liquid-chromatograph with
a fluorescence detector, some preliminary work has been done on
benzo(a)pyrene from oysters (Crassostrea virginica) collected in
estuarine rivers of South Carolina and Georgia (Lee, 1978).
Oysters from pilings treated with creosote had concentrations of
benzo(a)pyrene from 40 to 100 pg/kg of this compound. Oysters
from the mouth of the Savannah River had 3 ng/kg, while oysters
collected near oil storage tanks along the Cooper River had up to
200 ug/kg. The major fluorescent hydrocarbon in oysters from the
Cooper River was fluoranthene.

The uptake, metabolism, and discharge of hydrocarbons by a variety
of marine invertebrates from this area has been under
investigation for several years (Lee, 1976; Lee, Ryan and
Neuhauser, 1976; Singer and Lee, 1977).

2.3.1.2 Continental Shelf Organisms

A few preliminary studies on the plankton of the southeast coast
have been carried out (Lee, 1978). The major hydrocarbon in
phytoplankton was the polyunsaturated olefin, 21:6, which has been
identified in a number of phytoplankton species (Blumer, Guillard
and Chase, 1971; Lee and Loeblich, 1971). The copepod, Eucalanus
sp., which is a common zooplankter in these offshore waters, had
pristane as the major hydrocarbon and only traces of the 21:6
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hydrocarbon (Lee, 1978). The Bureau of Land Management's OCS
studies (Warner, 1978) have collected and analyzed zooplankton and
benthic fauna from offshore. 1In benthic fauna, the concentration
of paraffins was 1 to 100 pg/g and 0.1 to 10 ug/g in the
unsaturated/aromatic fraction. Pristane, C 53 C17’ and C were
the dominant hydrocarbons in the paraffin fraction. Pristane and
biogenic olefins predominated 1in zooplankton hydrocarbon
fractions.

As part of a National Marine Monitoring Program supported by the
Environmental Protection Agency, Scripps Institute of Oceanography
and Woods Hole Oceanographic Institute are carrying out a survey
of bivalves, primarily mussels, from east and west coastal areas,
in order to use these animals as an early warning system for
pollutants. The focus of the analysis is on PCB, DDT, and three-
and four-ring polycyclic aromatic hydrocarbons (Goldberg and
Farrington, 1977). 1In most areas, mussels are being used, but,
because mussels do not occur in some areas of the southeast,
oysters or clams are being analyzed.

2.3.2 Trace Metals in Biota

2.3.2.1 Plants

Macrophytes and Macroalgae

The major primary producer in the coastal zone of the southeastern
United States is the salt marsh macrophyte, Spartina alterniflora,
or smooth cordgrass. No data were reported for trace metal
concentrations in this plant in the 1974 VIMS report (Roberts,
1974), although Williams and Murdoch (1969) had determined its
concentration of iron, manganese, and zinc. Also, Bhate (1972),
studying the distribution of trace elements in salt marshes,
reported the concentrations of copper, cobalt, iron, manganese,
mercury, nickel, and zinc in Spartina alterniflora leaves and
stalks. Windom (1972a) reported average concentrations for
arsenic, cadmium, copper, lead, mercury, and zinc in .
alterniflora based on eight analyses and, subsequently, Windom
(1975b) reported mean values for iron, manganese, cadmium, copper,
and mercury in this species collected from 25 stations between
Cape Romain, South Carolina, and Amelia Island, Florida. Barnes
et al. (1973) determined the concentration of iron and scandium in
Spartina. Whaling et al. (1977), in a detailed study of the
distribution of metals in Calico Creek, North Carolina, reported
the concentrations of mercury, cadmium, chromium, copper, ironm,
lead, manganese, and zinc in the leaves, stems, and roots of this
plant. Dunstan and Windom (1975) have also reported metal
concentrations in Spartina as a part of their work on heavy metal
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influences on this plant. The results of these studies (Table
I1I-20) show reasonably good agreement between investigators.

The ability of S. alterniflora to accumulate large concentrations
of metals has led many workers to evaluate its role in the
transfer of these materials. Williams and Murdoch (1969)
concluded that this plant is potentially important in conveying
zinc, manganese, and iron into estuarine food chains. Bhate
(1972), based on budgets of metals in salt marshes, concluded that
Spartina alterniflora annually removes about 2, 6, 14, 26, 47, 37,
and 100 percent of the available iron, manganese, zinc, copper,
nickel, cobalt, and mercury in sediments. Rahn (1973), based on
laboratory experiments, has evaluated the role of Spartina in the
transfer of mercury. He concluded that, in addition to uptake,
this plant may also release mercury to the water column. Of the
total amount of cadmium and copper delivered to salt marsh
estuaries by rivers, Dunstan, Windom and McIntire (1975) estimate
that about three percent is taken up in Spartina.

TABLE III-20

Trace metal concentration in Spartina alterniflora
leaves and stems (ppm dry weight)

1. Williams and Murdoch (1969)

2. Bhate (1972)
3. Windom (1972a)

Reference
1 2 3 4 5 6 7

JArsenic 1.0

Cadmium 0.5 0.5 0.2 0.61
Chromium . 2.0

Copper 6.5 2.3 3.7 4.0 3.9
Cobalt 12

Iron 590 1400 750 1700 500 700
Lead 5.3 2.0 4,1
Manganese 49 85 50 25 45
Mercury 1.0 0.7 0.20 0.08 0.32
Nickel 16

Scandium 0.27

Zinc 16 22 19 32
References

4. Windom (1975b)

5. Barnes et al. (1973)

6. Whaling et al. (1977)

7. Dunstan and Windom (1975)

Upon decomposition,

changes.

the trace metal content of S.
Drifmeyer, Heywood, Cross and Odum (1977) found this to

alterniflora
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be true of most brackish water plants. They report thaﬁ trace
metals generally increase in the detritus of Spartina with age.

Drifmeyer and Odum (1975) investigated the uptake of lead, zinc,
and manganese in dredge-spoil pond ecosystems. These authors
found that the increased metal content of sediments in the system
was reflected in increases in the plant.

The concentrations of trace metals have also been determined in
other macrophytes and macroalgae. The concentrations of
manganese, iron, copper, and zinc in eelgrass (Zostera marina) in
relation to sediment concentrations were determined by Wolfe,
Thayer and Adams (1976). They found that a significant fraction
of the annual sediment accumulation of these metals was
incorporated in the plant. Drifmeyer, Thayer and Cross (1977)
also 1investigated the concentrations of trace elements 1in
eelgrass. These authors found very little spatial variation in
the concentrations of manganese, iron, copper, and zinc. Their
results did, however, suggest that iron nickel, copper and zinc
increase in the detritus of this plant while manganese appeared to
decrease and silver and chromium remained relatively constant.

The concentrations of manganese, iron, copper, and zinc in
macroalgae have been determined by Wolfe et al. (1976). These
metals show a wide range in concentrations for various species
(Table 1III-21). Windom (1972a) reported the concentration of
mercury in the leaves, stalk, and float pods of Sargassum to be
0.44, 0.39, and 0.30 ug/g, respectively.

TABLE III-21

Metal content of eelgrass and macroalgae
(From Wolfe et al., 1976)

No. of yg/g dry weight

Species Samples Mn Fe Cu Zn
Zostera marina 6 154 1240 7.9 70
Ectocarpus 4 66 4360 9.4 67
Gymnogongrus 2 312 1840 5.6 102
Agardiella 3 84 1060 8.7 42
Gracilaria 2 57 619 3.2 33
Dictyota 1 194 1330 8.9 48
Dasya 2 69 1530 17 60
Ulva 2 78 2100 20 46
Enteromorpha 2 54 3040 15 48
Bryopsis 1 161 1300 5.5 120
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Several research projects are underway, or in the early stages of
initiation, which are addressed to trace metal wuptake by
macrophytes and macroalgae. Windom has recently completed a study
sponsored by the U. S. Army Corps of Engineers Waterways
Experiment Station of the uptake of iron, manganese, cadmium,
copper, nickel, and 2zinc by Spartina alterniflora salt marshes
ad jacent to dredged material disposal areas. Work of Ecological
Division staff at the Beaufort National Marine Fisheries Service
Laboratory on the blogeochemistry of trace elements in eelgrass is
continuing under funding by the Department of Energy (Cross, 1978,
personal communication). A project at the Skidaway Institute of
Oceanography that has been funded by NSF-IDOE has evaluated the
concentration of arsenic in a number of marine macroalgae and is
also investigating the role of at least one species of Valonia on
arsenic speciation (J. Sanders, 1978, personal communication).
Studies of the form and distribution of trace elements in detritus
of a number of 'species of seaweeds and Spartina alterniflora, and
their availability to benthic organisms, are also underway at
Skidaway under a NSF grant directed by Windom and Tenore.

Phytoplankton

Very little information exists on the trace metal composition of
estuarine and marine phytoplankton in the study area. Results of
one analysis of a mixed natural phytoplankton sample collected off
the Georgia coast was reported by Windom (1972a). He reported
values of 8.2, 2.1, 22, 18, and 109 ppm for arsenic, cadmium,
copper, lead, and zinc, respectively, but pointed out that these
values may be high due to contamination from paint chips from the
vessel on which the samples were collected. He also reported a
mercury concentration of 0.42 ppm based on ten replicate analyses.
Most of the other work related to trace metals in phytoplankton
has dealt with their effect on growth, photosynthesis, and other
physiological processes.,

Using radioisotope tracers, Sick and Windom (1975) investigated
the rate of uptake of cadmium and mercury. Their results indicate
that these metals are taken wup 1in proportion to their
concentration in the water column. Windom, Gardner, Dunstan and
Paffenhofer (1976) report similar results for cadmium uptake by
Skeletonema costatum and mercury wuptake by Carteria " sp.,
Dunaliella tertiolecta, and Nitzchia closterium (Figure III-32).
Sanders (1975) studied the effect of manganese on natural
phytoplankton populations in Calico Creek. He found that
additions of manganese had mixed effects on carbon uptake by
phytoplankton and attributed this to the interaction of some
unknown compound with the metal. Bishop (1977) conducted
laboratory experiments with mixed phytoplankton cultures to
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Cadmium uptake by Skeletonema costatum. Mercury uptake by phytoplankton
species. Equations are for the regression lines shown. Metals were added
as soluble chlorides. (From Windom et al., 1976)




determine the effect of copper on species diversity, cell
concentrations and size, amount of chlorophyll and carbon, and
primary production. Similar studies of the effects resulting from
increased mercury levels were carried out by Zingmark and Miller
(1975) who found that concentrations of 1 ppb reduced
phytoplankton growth by 50 percent.

An ongoing project related to trace metals in phytoplankton is
that being conducted by Windom and co-worker at Skidaway. This
research is directed toward understanding the influence of marine
algae on arsenic speciation in the marine environment. Work is
being carried out mostly with pure cultures of marine diatoms.

2.3.2.2 Zooplankton

The review of marine chemistry up until 1973 by Roberts (1974)
included only one reference to trace metals in zooplankton. This
was the work of Windom, Taylor and Stickney (1973) which was
concerned with mercury in zooplankton. This was part of the
earlier work reported by Windom (1972a) who also reported
concentrations for arsenic, cadmium, copper, lead, and zinc in
zooplankton samples collected along the east coast from the New
York Bight to off the Georgia coast (Figure III-33). These
results may be contaminated from ship's debris.

A few trace metal analyses of individual zooplankton species have
been performed. Windom (1972a) reported concentrations for
arsenic, cadmium, copper, lead, mercury, and zinc in mixed copepod
samples. Windom et al. (1976), in laboratory uptake studies using
the copepod Pseudodiaptomus coronatus, found that this species
accumulated cadmium in response to levels in the water in much the
same way as marine algae (Figure III-34).

The only major recently completed program concerning the trace
metal content of zooplankton is that being conducted by Texas
Instruments under contract to the U. S. Department of Interior,
Bureau of Land Management (May, 1978, personal communication).

2.3.2.3 Macrobenthos

Up until recently, data on trace metal concentrations in
macrobenthic organisms has generally been limited to commercial
species. The review of Roberts (1974) included only results for
oysters (Crassostrea virginica). More recent data has been
produced by Huggett, Cross and Bender (1975) for copper and zinc
in oysters. These authors found that samples collected in the
fresher parts of the Newport River estuary had higher
concentrations of these metals. Heavy metals in oysters were also
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determined by Whaling et al. (1977) for samples collected in
Turner Creek. Arsenic, cadmium, copper, lead, mercury, and zinc
concentrations in oysters and quahog clams (Mercenaria mercenaria)
have been reported by Windom (1972a). Wolfe et al. (1976)
reported values for manganese, iron, copper, and zinc in quahogs
as well as seven other species of bivalve molluscs. They also
analyzed these metals 1in gastropods, amphipods, decapods,
polychaetes, echinoderms, and tunicates as a part of a
comprehensive study of a North Carolina eelgrass community.

Species of epibenthic decapods and amphipods commonly ingested by
southeastern estuarine finfish were analyzed by Stickney, Windom,
White and Taylor (1975) for cadmium, copper, lead, mercury, and
zinc. They found no clear relationship between metal levels in
benthic organisms and those in fish.

Windom, Gardner, Stephens and Taylor (1976) studied the
distribution of mercury in a polluted salt marsh system on the
Georgia coast. They found that the primary consumers Littorina
irrorata and Uca sp. represented the lowest trophic level in which
significant amounts of methylmercury were found. Whaling et al.
(1977) also determined mercury concentrations of this specles as
well,

The most comprehensive study of the trace metal distribution in
macrobenthic organisms in southeastern estuarine ecosystems is
that of Kendall (1978). This author investigated the role of
these organisms in the cycling of mercury, cadmium, copper, and
zinc. He evaluated the trace metal content of over 70 species of
invertebrates in relation to size, feeding habit, season, sediment
metal level and type, and their location within the estuary. He
found that metal levels were highly correlated with body size and
independent of season, sediment levels, and spatial differences.
Uptake experiments also indicated that the polycheate Nereis
succinea accumulated its body burden of metals primarily from the
water column rather than sediments.

Many of the above-referenced studies include data on nektonic
invertebrate organisms such as commercial species like penaeid
shrimp. Generally, however, the bulk of the data is for benthic
organisms.

The most important program concerning trace metals in benthic
orgamisms is the recently-completed BLM Benchmark Study conducted
by Texas Instruments. This study provided considerable new data
on trace metal levels in benthic orgamisms of the continental
shelf where 1little data existed before (May, 1978, personal
communication).
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2.3.2.4 Vertébrates

Several studies have resulted in trace metal data for finfish in
coastal and estuarine waters between Cape Hatteras and Cape
Canaveral. Most of these, however, have been conducted or
published since the review of Roberts (1974). One of the first
was that by Windom, Stickney, Smith, White and Taylor (1973).
These authors analyzed 91 individuals from 35 species of
. Chondriethys and Osteichthys for arsenic, cadmium, copper,
mercury, and zinc. They compared metal concentration in offshore
species with those of inshore species and found no significant
differences (Figure III-35), Stickney et al. (1975) discuss
cadmium, copper, lead, mercury, and 2zinc concentrations in
estuarine fish in relation to their feeding habits. This was done
also by Windom et al. (1976) who determined the transfer
efficiency of cadmium and mercury from food to several species of
finfish. These authors concluded that cadmium is preferentially
decreased at higher trophic levels while mercury accumulates.
Gardner, Windom, Stephens, Taylor and Stickney (1975) measured
total and methyl mercury in estuarine £fish. They found that,
generally, top carnivorous fish had the highest percentage of
methylmercury in their muscle tissue.

Barber, Vijayakumar and Cross (1972) and Cross, Hardy, Jones and
Barber (1973) evaluated metal concentrations in fish as a function
of body size. Barber et al. (1972) found that mercury
concentrations increased with fish length in Antimora rostrata.
Similar observations were made by Cross et al. (1973) for mercury
in muscle tissue of bluefish (Pomatomus saltatrix) as well as
A. rostrata, but manganese, iron, copper, and zinc were relatively
constant or decreased with increasing fish size. Cross, Wilis,
Hardy, Jones and Lewis (1975) found that zinc, iron, manganese,
and copper increased with total dry body weight in menhaden
(Brevoortia tyrannus), spot (Leiostomus xanthurus), and pinfish
(Lagodon rhomboides). Mercury levels of different tissues in this
last species have also been reported by Whaling et al. (1977).

Very little information exists on the concentration of trace
metals in marine mammals such as dolphins and whales. Results of
mercury analyses on one individual dolphin (Tursiops truncatus)
were reported, however, by Stickney, Windom, White and Taylor
(1973). These authors found mercury concentrations on a dry
weight basis as high as 34.7 ppm in the liver. The lowest value
reported was for the skin which contained 0.12-0.51 ppm.

A major project which produced new trace metal data for
vertebrates is the recently completed Texas Instrument—-BLM
Benchmark Study of the southeastern outer continental shelf.
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Demersal fish have been collected and are being analyzed for
barium, cadmium, chromium, copper, iron, nickel, lead, vanadium,
and zinc (May, 1978, personal communication). In addition, Barber
and co-workers at Duke University are conducting studies of trace
metals 1Iin finfish and whales (Barber, 1978, personal
communication).

2.3.2.5 Trace Metal Cycling in Coastal Ecosystems

Research programs at the NOAA National Marine Fisheries Service
Laboratory in Beaufort, North Carolina, and at the Skidaway
Institute of Oceanography since about 1972, have been directed
toward understanding metal cycling through ecosystems. These
programs have resulted in several publications which have
attempted to quantify trace metal transfer through biological
components of the systems studied.

As '‘a result of the program at the Skidaway Institute, Windom
(1975b) estimated the relative amounts of several metals that are
transferred through Spartina annually. More recently Windom et
al. (1976) proposed models for the flux of mercury and cadmium
through major biological components of the estuarine zone (Figure
I11-36). They also proposed a model for cadmium and mercury
transfer through a pelagic food chain of the Georgia Embayment
(Figure III-37). This work utilized information of feeding habits
and metal levels of the prey of carnivorous fishes. The model
also assumed a growth efficiency at each trophic level of 25
percent.

Wolfe (1975) at the Beaufort Marine Fisheries Service Laboratory
discussed a model for the transfer of manganese, iron, and zinc
through estuarine ecosystems (Figure III-38). Using this model
and metal levels, standing crop, and annual production of major
biological components, he estimated budgets for the cycling of
zinc within the Newport River estuary in North Carolina (Wolfe,
1974). Wolfe et al. (1976) used similar procedures to determine
that the largest metal fluxes in an eelgrass ecosystem were
associated with sedimentation and Zostera production. Cross et
al. (1975), also at Beaufort, have evaluated the role of juvenile
fish in the cycling of trace metals in estuaries. )

Studies of the cycling of trace metals in estuarine ecosystems are
being continued at the Beaufort Laboratory by Cross and co-workers
(1978, personal communication). The work at Skidaway Institute is
being conducted by Windom, Tenore, and co-workers, and is focusing
on metal transfer in experimental detritus—-based food chains.
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C.reqalis

w P C4 E,

[ Water lﬁ’,[ PhytoplanktMLE coronatus l_,

CADMIUM MERCURY

W (ug/L) 010 006
P (ug/g dry wt) 020 045
G, (growth etficiency) 0.25 025
K2 (ug/g dry wt. consumer) 080 180
Cq (uglg) 0.15 0.15

E, (ug/g dry wt. consumer) 065 165

(ugrg dry wt consumer)

SPECIES CADMIUM MERCURY

Cy  E, [ €,
Bairgiella ghrysyrg (SILVER PERCH) 012 148 107 (0.83)
Cynoscion regalis { WEAKFISH) 005 155 044 (0.20)
Ancylopsetta qugdroceligtg (OCELLATED FLOUNOER) 022 138 046 (022)
Citharichthys splopterus (BAY WHIFF ) 007 153 017 007

r_P. coronatus ]L,[ Ca J____, E,

(4g/g dry wt. consumrer)

SPECIES CADMIUM MERCURY

C, E2 Ca E>

Neomysis gmericgng (OPPOSSUM SHRIMP) 040 020 006 054
Lelostomus xgnthyrys (sPoT) 004 056 023 037
Micropogon unduiatus (ATLANTIC CROAKER) Q04 056 031 029
Stellifer lanceolatus (STAR DRUM) Q04 056 050 0.10
Etropus crossotus (FRINGED FLOUNDER) 007 053 010 050

FIGURE III-37. Cadmium and mercury transfer through pelagic
food chains in the Georgia embayment. (From
Windom et al., 1976)
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2.3.3 Chlorinated Pesticides in Biota

2.3.3.1 Estuarine Organisms

Mahood, McKenzie, Middaugh, Bollar, Davis and Spitzbergan (1970)
analyzed blue crabs collected in estuaries of the southeastern
United States for aldrin, dieldrin, lindane, dieldrin, DDT, DDE,
DDD, endrin, heptachlor epoxide, methoxychlor, mirex, toxaphene,
and chlordane (Table III-22). Up to 0.4 ug/g of Mirex was found
in crabs collected in Georgia waters. Data are available on the
toxaphene concentration in the plants and animals near a toxaphene
plant near Brunswick, Georgia (Reimold and Durant, 1974; Reimold,
1975; Robinson, 1978, personal communication). Toxaphene has been
identified in oysters collected 1in various estuaries of South
Carolina (Hulsey, 1976). The amounts of dieldrin and 2,4-D in
biological samples from coastal waters of Florida have been
determined by the Army Corps of Engineers (L. Sanders, 1978,
personal communication). The concentrations of PCB and DDT in
mussels and oysters from coastal waters of the southeast are being
determined as part of National Marine Monitoring Program (Goldberg
and Farrington, 1977).

2.3.3.2 Continental Shelf Organisms

The concentration of DDT in 2zooplankton collected in open ocean
areas between 23°N and 30°N was less than 0.00001 ug/g while PCBs
ranged from 0.3 to 0.45 ug/g (Risebrough, Vreeland, Harvey, Miklas
and Carmignani, 1972).

2.3.4 Radionuclides in Biota

Goldberg et al. (1978) have determined the activity of plutonium-
239+240 and cesium-137 in living and dead Spartina alterniflora
and in spanish moss collected in the vicinity of the Savannah
River estuary (Table III-23). The plutonium-239+240/cesium-137
activity ratio in plants was generally lower than that 1in
sediments.

Hayes et al. (1975) found that the activity of plutonium in
Spartina varied from 0.7 to 9.3 £Ci/g dry weight and that there
was no significant difference between activities found in living
and dead plants. This activity is similar to that found in
surface sediments.

With the collaboration of Cross and the NOAA, NMFS Lab in
Beaufort, North Carolina, Hayes and co—-worker are measuring the

plutonium and tritium content of estuarine sediments and biota
(Hayes, 1978, personal communication).
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TABLE III-22. Chlorinated hydrocarbons in blue crabs.
. (From Mahood et al., 1970).

PERCENT
LOCATION OCCURRENCES MEAN Low HIGH

North Carolina: 50 samples

DDD 100 0.051 0.010 0.188
DDE 100 0.053 0.013 0.122
poT 100 0.077 0.012 0.213
Mirex 16 0.023 0.005 0.045
Dieldrin 10 0.003 0.002 0.005

South Carolina: 50 samples

DDD 100 0.076 0.009 0.160
DIE 100 0.081 0.011 0.180
DDT 100 0.092 0.012 0.247
Mirex 44 0.088 0.005 0.209
Dieldrin 28 0.009 0.002 0.019

Georgia: 50 samples

DDD 100 0.068 0.012 0.179
DDE 100 0.077 0.015 0.231
DDpT 100 0.092 0.018 0.176
Mirex 54 0.162 0.015 0.389
Dieldrin 36 0.017 0.004 0.072

Florida: 45 samples

DDD 100 0.066 0.012 0.180
DDE 100 0.047 0.010 0.114
DDT 100 0.082 0.018 0.196
Mirex 31 0.031 0.005 0.164
Dieldrin 2 0.008 0.008 0.008
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TABLE III-23.

Spanish
Moss
(Living)

Spartina
grass
(Detritus)

Spartina
grass
(Living)

the Savannah River estuary system,
et al., 1978)

Pu-239+240
in dpm/kg

7.5 + 0.5

4.6 + 0.3

Pu-238

Pu-239+240

(Activity
ratio)

0.17 + 0.03

0.17 + 0.03

Cs-137
dpm/kg

1114 + 37

201

{+
©

Plutonium and cesium-137 contents of plants from
(From Goldberg

Pu~239+240
Cs~137
(Activity
ratio)

0.007

0.023

0.017
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2.4 Atmosphere

2.4,1 Trace Metals in the Atmosphere

Prior to the review of Roberts (1974) no data on atmospheric
levels of trace metals had been published. Since then only a few
analyses of atmospheric samples have been made. These are briefly
described below.

Waslenchuk (1977) analyzed four atmospheric samples collected over
the continental shelf between Cape Canaveral, Florida, and
Savannah, Georgia, for arsenic, zing, and iron. The, concentration
ranges, found were 0.2-1.2 ngAs/m~, 4.6-10 nan/m3, and 63-460
ngFe/m”. He also reports values of 0.33 and 0.03 HgAs/l for two
rain samples. Using these data Waslenchuk estimated that the
atmospheric input of arsenic to the South Atlantic Bight is 16.2
metric tons annually.

The concentration of mercury in the atmosphere over the South
Atlantic Bight was estimated by Windom et al. (1975) to range from
10 to 160 ng/m”, These values were based on a rather crude
technique and were reevaluated by Windom and Taylor (1978) using
an improved method. With this énethod - they determined
concentrations between 0.3 and 8.2 ng/m” for the atmosphere over
the South Atlantic Bight (Table III-24). They also determined
that about 30 percent of the total mercury was in particulate
phases while the remainder was in the vapor phase.

Windom and Smith (1978b) report value for the atmospheric
concentrations of copper, nickel, and zinc (Table III-25).
Samples were collected by high volume filtration through Whatman
#41 filters which were subsequently digested and analyzed by
flameless atomic absorption. Reported values, therefore,
primarily reflect concentrations in particulates.

Under funding from the U. S. Department of Energy, Windom and co-
workers are conducting an ongoing study of atmospheric transport
of trace metals to the South Atlantic Bight. Unpublished data
include values for the atmospheric concentrations of cadmium,
copper, nickel, zinc, lead, iron, aluminum, and sodium.

2.4.2 Chlorinated Hydrocarbons in the Atmosphere

There appear to be few studies monitoring pesticides in the
atmosphere off the United States southeastern coast. Harder,
Christensen, Matthews and Bidleman (1977) recently determined the
concentration of toxaphene in 41 rain samples along the South
Carolina coast and found concentrations varied from 10 to 470
ng/liter with a mean of 75 ng/liter (Table III-26). Calculations
for estuarine systems where the measurements were made showed that
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TABLE III-24

Atmospheric mercury concentration (in nanogram/m3),.

From Windom and Taylor (1978)

COLUMBUS ISELIN

BLUE FIN (1977)

COLUMBUS ISELIN

(July 1977)

May
Total

Feb Mar April
Total

Total Total Total

Jan

(April 1976)

Total

vapor Total

Part.

3.8

7.6 2.2 2.8

1.1
2.5

4.7

3.0

1.7

2.7 2.7 6.0

4.9

2.0

3.4
3.7
3.3
3.1

2.4
2.6
2.8
2.5

1.0
1.1
0.5
0.6

3.9
3.9

1.8
3.5

4.7
3.1
2.4
2.9

1.8
1.2
2.8
4.4

1.6
1.5
2.3

2.4

1.7

0.7

7.6 1.5

1.5

1.0
1.0

0.4 3.2 3.6

0.5
0.5

1.9

5.7
4.1

1.2

4.6

1.2

1.0

1.1

3.7

1.0

0.4

1.3

2.1

2.9

2.1

1.3
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2.8 3.6

0.8

4.7

2.2

Mean 1.5

lo

0.9 0.9

0.8

1.0

0.7

1.9

1.9

0.7
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TABLE III-25,

Atmospheric concentrations of copper, nickel, and zinc over the
(Prom Windom and Smith, 1978b).

South Atlantic Bight.

Sampling Date No. of
Platform Collected Samples

R/V BLUE FIN  Jan 1977
" L1} " Feb 1977
mioomm Mar 1977
" 1" [1] Apr 19‘77
" " " May 1977

wWwoues N

R/V COLUMBUS . Jul 1977 12

ISELIN

Mean Atmospheric Concentration

Range in Concentrations

*Means of samples collected on

given cruise.

Concentrations (ng/m3 ) *

Cu

6.3

Ni

13

Zn

28
48
17
21
19

37

28

0.4-40 1.1-105 4-96
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TABLE III-26.

Toxaphene concentrations in rainfall from intermittent rain

collections in estuaries of South Carolina.

Volume
(liters)

wn

HERENMNEHEMDWWNDN
*

. v \D e .
OO HOOWHEB_BDLOOODONNNO

WwHH:
L]

Date

(1977)

7/22
7/26
7/26
7/27
7/27
8/2
8/4
8/5
8/5
8/17
8/18
8/19
9/4
9/5

(1977) .

Toxaphene

Rain Atmosphere

(ng/1) (ng/m )

235 0.40
50 0.47

203 0.47

168 0.47

127 0.47
*

60 0.85
33 0.85
* 0.85
*

470 5.40

179 5.40
* 0.80
21 0.80

Prom Harder et al.

Washout

Ratios

588
106
366
358
270

71
39
87

33

26

*Not detectable.

Blank values for air and rain were 15 - 25 ng
and have been subtracted in calculating the above results.
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540 grams of toxaphene were being carried by rain to the estuary
over a three month period.

3.0 IDENTIFICATION OF DATA GAPS

Gaps 1in data for the southeastern Atlantic coastal marine
envirorment between Cape Hatteras, North Carolina, and Cape
Canaveral, Florida, are summarized in Tables III-27 and III-28.
The first table summarizes the existing data by compartments. The
second summarizes our present understanding of source-inputs of
the various chemical species to the study area. Both tables are
subjective, but at least give a relative indication of our state
of knowledge on the chemistry of this region.

3.1 Hydrocarbons

3.1.1 Water Column

Of all the compartments, most of the data are for the water
column. Even so there are 1little available data for this
compartment at the present time. Few seasonal data are available
and spatial distribution of data is also limited. Information on
sources 1s almost non-existent, although their location can be
assumed in many instances. Inputs to coastal waters are also
poorly understood.

3.1.2 Sediments

To evaluate sources, transport and fates of hydrocarbons it is
important to know their concentration distributions in sediments.
At the present time the sparse amount of data on sediments 1is very
inadequate for this purpose. There are no data for the
distribution of hydrocarbons in sediment surrounding suspected
sources and there are no vertical profiles by which to evaluate
input and degradation rates.

3.1.3 Biota

Very little hydrocarbon data is available in any of the biological
components of the southeastern Atlantic coastal ecosystem. Levels
of petroleum hydrocarbons in the organisms are important for
background considerations but the greatest need is for studies
related to effects of these substances on the biota. Since no
significant petroleum "spills” have occurred in the area, and
there are no present major sources, information on effects of
hydrocarbons on species indigenous to the region will be gained
best through laboratory experiments.
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68-III

TABLE III-27,

Available data on chemical parameters of various compartments.

) Chlorinated
Compar timent Hydrocarbons Trace Metals Nutrients Hydrocarbons Radionuclides
Water Column
Inshore 2 2 3 1 1
Offshore 1 2 3 1 V]
Particulates 1 0 2 o 1
Sediments
Inshore 1 3 2 1 1
Continental Shelf 1 1] 0 ] o
Blake Plateau 0 1 V] 0 0
Biota
Inshore
Plankton 0 2 NA ] ()]
Nekton 0 2 NA 1 1]
Benthos 1 2 NA 2 0
Offshore
Plankton 1 2 NA 1 0
Nekton 0 2 NA 0 0
Benthos 1 1 NA (4] (4]
Atmosphere
Air 0 1 o 0 0
Precipitation 0 1 ] 1 (¢}

NA-not applicable; 0-no data; l-very limited; 2-moderate; 3-extensive




06-III

TABLE III-28,
Adequacy of knowledge.?*

Chlorinated
Inputs Hydrocarbons Trace Metals Nutrients Hydrocarbons Radionuclides
River Transport 1 2 2 1 1
Atmospheric Transport 1 1 1 1 1
Offshore-Onshore Transport 1 1 2 1 1
Pollutant Sources 1 2 3 2 3

1-Poor
2-Moderate

3-Good

*as judged by the authors




3.1.4 Atmosphere

The atmospheric compartment 1is probably the least important
compartment for understanding petroleum hydrocarbon transfer and
fate. The complete lack of data for this component, therefore,
does not represent a major data gap.

3.2 Trace Metals

3.2.1 Water Columm

Levels of some trace metals are well understood in inshore and
coastal waters. Important trace metals (or trace elements) that
have not been studied in the region are cadmium, selenium,
antimony, and vanadium which are enriched in fossil fuels and may
be, relased to the enviromment by energy producing activities.
Levels of other trace metals are poorly understood. A notable
example is lead.

Very little is known about the speciation of trace metals in the
water column or their association with particles. Transport on,
and exchange with, -particles may be important processes governing
trace metal distributions and fates.

3.2.2 Sediments

Inshore sediment levels of many trace metals are well known. Few
data exist for many important ones such as selenium, antimony, and
vanadium. There 1s also a lack of data on trace metal
concentration with depth in dated cores. This information would
be useful in determining source-rate functiomns.

Although no data presently exist on metal levels in continental
shelf sediments, this probably does not represent a major data
gap. These sediments are coarse grain quartz and carbonate sands
and therefore contain low levels of trace metals. Those metals
that are present are probably strongly bound and therefore have
limited interaction with the other components.

The distribution of metals in Blake Plateau sediments is probably
dominated by manganese nodule formation. More data on their
concentrations in these phases  would be scientifically

interesting, but in terms of environmental quality are of limited
value.

3.2.3 Biota

Considerable data exist on trace metal concentrations in biota.
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Data gaps do exist, however, for certain important metals. Trace
metal uptake by, and effects on, organisms are poorly understood
as is their transfer in food chains.

3.2.4 Atmosphere

The atmosphere may be an important transfer mechanism for trace
metals to continental shelf waters. A need, therefore, exists for
more data on trace metal levels in the atmosphere and in
precipitation.

3.3 Nutrients \

There are few data gaps with respect to nutrient concentrations in
the various components of the estuarine-coastal marine system. It
is difficult to assess data gaps for nutrients since their
dynamics are of most concern. Gaps exist, but only in terms of
understanding processes.

3.4 Chlorinated Hydrocarbons

Data gaps exist for all components of the ecosystem if one is
concerned about present concentrations. These are probably not
serious in the southeastern Atlantic coastal environment since
severe inputs of these materials have discontinued. It 1is
probably important, however, to develop a better understanding of
‘the distribution of the most persistent pesticides in estuarine
and coastal sediments and biota since past contamination may
result in present day increased levels.

3.5 Radionuclides

Only two studies have been conducted in the region that have
addressed radionuclides in the enviromment, and these were of an
extremely limited nature. Gaps exist in data for these substances
in every component of the ecosystem. The increased activities in
the area which may result in radionuclide releases to the
environment make it imperative that these data gaps be filled.

4.0 RECOMMENDATIONS FOR FUTURE STUDIES

At present there 1s a shortage of marine chemists along the
southeastern Atlantic coast. This means that if the recommended
gtudies described below are to be implemented, an increase in the
number of scientists with specific interests and backgrounds will
be required. For example, there are very few chemists that are
addressing problems related to petroleum and chlorinated
hydrocarbons in the coastal marine environment between Cape
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Hatteras, North Carolina, and Cape Canaveral, Florida. Although
there are several laboratories 1in the area investigating trace
metals in the enviromment, many do not have the capability to
perform many analyses with the required precision and accuracy.
Only one research group 1in the Southeast 1is presently
investigating radionuclides in the estuarine and coastal marine
enviromment. )

In light of the proposed activities, primarily related to energy
resource exploitation and energy production, many studies will be
required to predict their impact on the environment. In
anticipation of these required studies, many of which are
described below, expertise in marine chemistry in the southeast
should be increased.

4.1 Hydrocarbons

4,1.1 Water Column

The concentration of hydrocarbons in the water is so low, even in
water under oil spills, that there seems little point to propose
extensive studies on its hydrocarbon content. A better study
would be to analyze filter feeding animals which bio—accumulate
hydrocarbons from the water.

4.1.2 Sediment

Polyecyclic aromatic hydrocarbons are ubiquitous in marine
sediments. Elevated concentrations of these compounds in
sediments or animals are an indication of pollution by fossil
fuels. Future studies should be carried out to determine the
concentrations of these compounds in coastal sediments in the area
of Cape Hatteras to Daytona Beach. The present sources of
polycyclic aromatic hydrocarbons, such as sewer outfalls,
refineries, and air particulates from urban areas, need to be
evaluated as to their relative contribution. Studies on the fate
of these compounds in water, sediment, and biota would be of use
in prediction models concerned with oil spill effects.

4,1.3 Biota
In addition to analysis of hydrocarbons in biota, there should be

future emphasis on the uptake and removal processes of fossil fuel
hydrocarbons by marine organisms from the study area.
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4,2 Trace Metals

4,2.1 Water Column

Future studies should be directed toward understanding the modes
of input (eg. rivers, atmosphere, intrusions) of trace metals to
the water column. Emphasis should also be placed on
distinguishing the different forms in which trace metals exist.
Studies of the interaction of trace metals between particulate and
soluble phases would help in understanding their fate in this
enviromment. Since deep offshore waters of the Gulf Stream and
over the Blake Plateau are the source of new water on the shelf,
studies of metal variation with depth in these areas are extremely
important. This information would allow for a better estimate of
the input of trace metals to continental shelf waters in
intrusions. )

4.,2.2 Sediments

Future studies of trace metals in sediments should include a
detailed investigation of their variation with depth. These
studies should be conducted in conjunction with age determinations
of sediment strata so that data may be interpreted in a time
framework. The lead-210 method probably has the most promise for
this work.

4.,2.3 Biota .

Studies to be conducted in the future should address trace metal
availability to, and uptake, by estuarine and marine organisms.
These studies will necessarily be limited initially to laboratory
experiments with representative organisms and simple food chains.
Emphasis should be place on understanding fundamental transfer
processes between organisms and their environment or between
organisms within food chains.

4.2.4 Atmosphere

More collections and analyses of air and precipitation samples
over the continental shelf are recommended to better qualify this
input pathway to coastal waters. This should be coupled with air
mass trajectory studies and experiments to determine deposition
velocities for given metals under different wind regimes.

Studies of the concentration of trace metals in the surface
microlayer are also recommended. This information is necessay to
evaluate if trace metals in the atmosphere originate from the sea
surface.
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4.3 Nutrients

4,3.1 Water Column

The design and execution of proper experiments and the practical
and economical storage of the data being gathered are recommended.
Experiments are particularly needed in the following areas:

. Nitrogen dynamics of stranded Gulf Stream intrusions;
. Relative regeneration rate of nitrogen and phosphorus;
. Nitrogen/phosphorus/silica relationships in ascending Gulf
Stream water in a Gulf Stream eddy;
.« Nitrogen fixation rates with respect to the abundant
concentrations of nitrogen fixing algae.

As mentioned above, there is a need for the useful storage of the
data gathered. Skidaway Institute is acquiring all of the .data
submitted to the NODC from the South Atlantic Bight and developing
the software and hardware to analyze and display it. This effort
only applies to standardized data which often does not include
data from experimental situations. Only close cooperation of
investigators in the area can insure full use of these types of
data.

4.3.2 Sediments

The few studies that have been conducted indicate that the
sediment is not a signficant source of nutrients for South
Atlantic Bight waters. Particulate carbon has been found to
decrease in sediment rapidly offshore implying that nutrient
release rates would also decrease rapidly in the offshore
direction.

4,3.3 Biota

The topic in need of intensive work is nitrogen dynamics. A
thorough study of the nitrogen dynamics of a stranded Gulf Stream
intrusion is recommended. This would include various ammonia
uptake and release experiments including or omitting zooplankters.
Another topic to be investigated is the reason for the apparent
high nearshore productivity. Here again specific experiments
addressing the regeneration problem are required.

4.4 Chlorinated Hydrocarbons

4,4,1 Water Column

Concentrations of most chlorinated hydrocarbons in the water are
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very low and future studies should concentrate on organisms which
filter these compounds from the water, such as bivalves.

4,4,2 Sediments

There is a need for a good survey of various chlorinated compounds
in the sediments of the study area, both coastal and offshore. To
date there are a few studies at specific estuarine sites. There
appears to be almost no information on the concentration of these
compounds in offshore sediments. An analytical study of sediments
from offshore into an estuarine area with high concentrations of
some pesticides should be carried out to determine the importance
of transport of pesticides to offshore. Studies are needed to
determine the fate of chlorinated hydrocarbons in both coastal and
in offshore sediments.

4.4.3 Biota

More studies of chlorinated compounds in species from both coastal
and offshore areas should be conducted to determine the
concentrations of these compounds in biota. The relative
importance of uptake of chlorinated hydrocarbons from food, water, -
and sediment in selected members of the biota would be of use in
determining the importance of the various pollutant sources.

4.5 Radionuclides

There is such a paucity of data on radionuclides in the coastal
and estuarine enviromment between Cape Hatteras and Cape Canaveral
that any new information would be worthwhile. It is particularly
recommended, however, that studies be made of the distribution of
transuranic and fission product isotopes in coastal and estuarine
sediments in the vicinity of potential sources.
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1.0 INTRODUCTION

Phytoplankton represents the primary autotrophic entity in the
marine ecosystem and is mainly composed of microscopiq algal
cells, destined to a life where, either a portion, or their total
existence is in a floating state. The major comnstitutents are the
diatoms, a variety of phytoflagellates (e.g. dinoflagellates,
coccolithophores, silicoflagellates, etc.), the blue-green algae,
and some macroscopic forms. Phytoplankton represent the initial
autotroph within a wide variety of food webs and have
traditionally been recognized in relation to their production of
organic matter within the oceans.

Phytoplankton distribution patterns are known to be influenced by
a variety of environmental conditions that may also affect their
concentration and productivity. The relationship of phytoplankton
populations to water quality changes within the envirommental
setting have also been well documented. Phytoplankton composition
and density values are known to be affected by nutrient levels,
patterns of nutrient replenishment, and the seasonal envirommental
changes of sunlight, salinity, and temperature, among others.
Nearness to estuaries and the coastal area, the degree of
upwelling, or variations in seasonal mixing action, all provide
additional influence to the development of phytoplankton. Thus,
traditional studies of the phytoplankton have included an array of
investigations, many of which have emphasized 1laboratory
approaches to better understand the metabolic aspects of growth,
production, photosynthesis, etc., with others directed to these
similar problems at sea, while a few have combined both
approaches.

1.1 Scope of This Evaluation

The approach taken in this chapter is to concentrate on a review
of phytoplankton investigations in the area between Cape Hatteras,
North Carolina and Cape Canaveral, Florida that will update the
Virginia Institute of Marine Science publication of 1974. Emphasis
is placed on field studies within this area, and extending seaward
to the 1500m isobath. Of importance is the fact that several
different types of water systems are present in this area. These
would include water entry from major coastal estuaries, the waters
over the shelf, the Gulf Stream, sub—surface entry from beyond the
shelf, and the western North Atlantic (Sargasso Sea).
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1.2 Information Sources.

Several major approaches were followed in obtaining information
for this chapter. First, the services of several data retrieval
systems were utilized to obtain information on existing
publications, ongoing, and past studies. Information
questionnaires were sent to agencies, universities, and private
laboratories that have marine biological activities within the
Atlantic coastal plain to obtain information about their programs
in phytoplankton studies. In addition, letters were sent to
various 1investigators involved in phytoplankton studies within
this area to provide specific information about their recent and
ongoing programs. Visits were made to several of the Atlantic
coast laboratories for discussions with investigators about their
programs and data base, with further phone calls made to others
regarding their programs. This report is based primarily on the
responses of these investigators and the representatives from the
various organizations. Their assistance is greatly appreciated
and the responders are recognized in the Acknowledgments section
of this report.

1.3 General Review of Studies Prior to 1973

Phytoplankton studies between Cape Hatteras and Cape Canaveral
were sparse prior to 1973. Of note is the study by Hustedt (1955)
of 1littoral diatoms near Beaufort, North Carolina, the
investigations in the Pamlico River by Hobbie (1971), and
Carpenter's (1971) study in the Cape Fear River estuary, among
others. In most of the past studies seasonal changes in
composition and concentrations have been identified with
relationships to specific envirommental conditions noted. The
work by Campbell (1973) in Gales Creek, a tributary of Bogue
Sound, located south of Morehead City, North Carolina has special
significance. Campbell provides taxonomic descriptions and
illustrations, along with seasonal and ecological relationships
for the phytoflagellates. This category of phytoplankters has
often been slighted in the past studies for the region, and this
work offers an extensive and illustrated coverage for this
important group.

The earlier phytoplankton studies over the continental shelf
between Cape Hatteras and Cape Canaveral were mainly the result of
scattered cruises through this area. Hulburt (1967) reported on
the differences between plankton flora found between the Gulf
Stream and coastal waters off Jacksonville, Florida. He indicated
differences in composition of phytoplankters found in waters
classified as coastal or slope water, the Gulf Stream, and
Sargasso Sea water. Hulburt and MacKenzie (1971) also reported on
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the shoreward increase of phytoplankton cell numbers between
Virginia and Georgia, and the southward decrease between Virginia
and the Turks Islands, Bahamas. This study revealed the presence
of a pattern of 1large changes 1in phytoplankton across the
continental shelf of the southern United States. Marshall (1971)
reported on the composition of phytoplankton off the southeastern
coast of the United States based on seasonal station data from 13
cruises. In this report he noted 189 species and presented the
representative species for those seasonally common to shelf
waters, the Gulf Stream, and the Sargasso Sea. Emphasis was
placed on the diatoms, pyrrhophyceans, coccolithophores, and
silicoflagellates, with comments directed to the vertical
distribution and seasonal appearances of the major species. In
this study, and in previous ones, Marshall (1969) noted a
predominant diatomaceous flora at the coastal stations, with
dinophyceans and coccolithophores becoming more predominant
seaward. The vertical and seaward concentrations of
coccolithophores from the North Carolina coast into the Sargasso
Sea is further discussed by Marshall (1968).

2.0 SUMMARY OF RESEARCH CONDUCTED SINCE 1973

2.1 Phytoplankton Composition and Concentrations in Continental
Shelf Waters

The composition of phytoplankton and the general distribution
patterns of the major taxonomic groups are discussed by Marshall
(1976) for the eastern shelf waters of the United States. A
species list of 609 phytoplankters is given with the dominant cold
and warm water forms noted. In coastal waters south of Cape
Hatteras, there existed a greater species diversity of diatoms
than what was noted along the northeastern United States waters.
The phytoflagellates were common throughout the year with
dominants such as Ceratium fusus, C. masseliense, Exuviaella
compressa, E. marina, Oxytoxum scolopax, O. variabile, Podolampas
palmipes, P. spinifer, and Dictyocha fibula. Coccolithophores
also had a greater diversity in these warmer waters with typical

species including Coccolithus (Emiliania) huxleyi,
Cycloccoccolithus leptoporus, Discosphaera tubifera, and
Gephyrocapsa oceanica. Ubiquitous species were Skeletonema

costatum, Thalassionema nitzschioides, and Coccolithus huxleyi.

The phytoplankton composition in the continental shelf waters
south of Cape Hatteras is briefly discussed by Marshall (1979).
He characterizes the populations as having 1less seasonal
fluctuations compared to phytoplankton north of Cape Hatteras with
the stabilizing influence of the Gulf Stream as a major factor.
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An apparent regional distinction of the phytoplankton composition
may be defined in the vicinity of Cape Hatteras. South of Cape
Hatteras, the typical subtropical-tropical species are found and
consist of a rather diverse group of neritic and pelagic species.
To the north of Cape Hatteras, the more typical temperate and
boreal neritic species are common. Entry of northern and southern
species past this area would occur in relation to specific current
movements, ring formation, and storm action, among other factors.
Table IV-1 presents phytoplankton common to the eastern coastal
waters that have been found associated with warm (>18°¢) and cold
(<10°C) waters. Warm water associations south of Cape Hatteras
generally contain an increase in the species representation of the
following genera: Rhizosolenia, Coscinodiscus, Hemiaulus,
Ceratium, and Podolampas.

The results of phytoplankton collections taken during a 1974
MARMAP cruise, with stations located over the shelf between Cape
Hatteras and Cape Canaveral, have been presented by Marshall
(1979). In this study he noted an additional 39 new species to
the 609 phytoplankters reported in his earlier report. In these
collections, the phytoplankton off Cape Canaveral consisted mainly
of diatoms with dominant species representative by Biddulphia
alternans, Cymatosira belgica, and Thalassionema nitzschioides.
In addition there was a large complement of small, mostly
unidentified diatoms. Coscinodiscus centralis and C. _lineatus
were common at nearshore stations, but in the more seaward
stations their numbers declined, along with a reduction in their
average size. There were also isolated pockets over the shelf of
major development for several species, e.g. Synedra fulgens, S.
undulata, and various Rhizosolenia species. The phytoflagellates
were more abundant at the nearshore stations with Prorocentrum
micans, Ceratium furca, and C. fusus most common. There were also
represented various blue green algae, e.g. Agmenellum
quadriduplicatum, Gomphosphaeria sp., Nordularia harveyana, and
Nostoc sp. Also widely distributed was Oscillatoria erythraea
which on several occasions completely dominated the samples.
Future collections through the MARMAP program will be continued in
these waters. A complete series of samples has been taken during
the July 1978 MARMAP cruise and will be processed and studied by
Marshall. These results will be included with ongoing collections
north of Cape Hatteras, over the continental shelf, and eventually
added to an extensive data base that now exists from previous
collections for the east coast. Emphasis 1is placed on species
composition, concentrations, seasonal distribution patterns, and
identification of long term changes over the eastern shelf region.
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TABLE IV-1.

Diatoms

Phytoplankton associated with warm and cold water
temperatures along the eastern coastal waters of
the United States (warm watexs > 180C,
(From Marshall,

< 10°C).

Warm Water Forms

Asterolampra marylandica
Bacteriastrum delicatulum
Coscinodiscus lineatus
Hemiawlus hauckil
Nitzschia delicatissima
Planktoniella sol
Rhizosolenia alata
Rhizosolenia calcar avis
Rhizosolenia cylindrus
Phizosolenia delicatula
Rhizosolenia setigera
Rhizosolenia styliformis
Thalassionema nitzschioides
Thalassiothrix frauenfeldli

Pyrrhophyta

Amphisolenia bidentata
Ceratium declinatum
Ceratium extensum
Ceratium kofoidi
Ceratium massiliense
Ceratium trichoceros
Cladopyxis caryophyllum
Dinophysis fortii
Dinophysis schuetti
Exuviaella compressa
Exuviaella ovum
Ornithocercus magnificus
Cxytoxum milneri
Oxytoxum scolopax
Peridinium steini
Podeclampas bipes
Podolampas palmipes
Podoclampas spinifer

Cocclithopnores

Cocrcolichus huxleyi
Discosphaera tubifera
Rhabdosphaera stylifer
Syracosphaera pulchra
Umbellosphaera irregularis

1978).

Cold Water Forms

Achnanthes taeniata
Amphiprora hyperborea
8iddulphia aurita

Chaetoceros
Chaetoceros
Chaetoceros
Chae toceros
Chaetoceros
Chaetoceros
Chaetoceros

atlanticus
comprassus
convolutus
curvisetus
debilis
socialis
wichami

Corethron hystrix
Fragilaria oceanica
Rhizozolenia alata

Rhizosolenia stolterfothii
Thalassiosira nordenskiceldi

Caratium arcticum
Ceratium lineatum
Ceratium longipes
Ceratium macrocercs
Dinophysis acuta
Dincphysis arctica
Dinophusis norvegica
feridinium brevipes
Peridinium depressum

Coccolithus Auxleyi
Coccolithus pelagicus

Cyclococcoli thus leptoporus
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Phytoplankton and zooplankton species composition and production
associated with the water masses intruded onto the southeastern
continental shelf have been under study by G. Paffenh8fer and W.
Dunstan, and centered at the Skidaway Institute of Oceanography.
An extensive study (1975) in Onslow Bay included vertical series
of summer collections from nearshore stations to the shelf break.
The phytoplankton portion is presently being prepared by Dunstan
which includes information on composition, numbers, primary
productivity and chlorophyll, plus physical and chemical
parameters. An expanded study has been underway by Paffenhdfer
and Dunstan in the Georgia Bight off Savannah seaward
(Paffenhdfer, 1978, personal communication). Approximately
monthly samples are taken at seven stations. Drogues are used to
follow intruded water, with diel sampling occurring at three hour
intervals in surface waters and in the near bottom intrusion.
Phytoplankton composition and production are determined for these
samples. An additional series of monthly collections has been
established since 1975 at three nearshore stations off the
Savannah coast that include phytoplankton composition and nutrient
data. These collections are presently in the. process of being
worked-up at the Skidaway Institute of Oceanography.

2.2 Phytoplankton Composition in Nearshore and Estuary Areas

Although a specific task of this report is to discuss research
along the coastal extent between Cape Hatteras and Cape Canaveral,
it is essential to include the work that has taken place in
several of the major river and estuary systems that enter the
offshore waters, as various degrees of movement exist between
these water masses and the biota between the estuary and the shelf
waters beyond the shoreline. Due to these associations and the
ecological importance of the estuary to the region, these studies
have been included in the review given below.

Pamlico River - Pamlico Sound

Located behind the barrier islands along the eastern shoreline of
North Carolina, Pamlico Sound represents a large estuary system.
The estuary receives flow from several rivers, which include the
Pamlico River where several 1long-term studies of estuary biota
have taken place. Eutrophication studies of the Pamlico River
were begun in 1966 by the Water Resources Research Institute of
North Carolina State University and the University of North
Carolina. Studies in the Albemarle Sound and the Neuse River were
begun in 1970,
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Hobbie (1971) has described the phytoplankton of the Pamlico River
estuary as completely dominated by dinoflagellates, and the
diatoms becoming more important in the lower reaches of the river
near where the river enters Pamlico Sound. Peridinium triquetrum
is the dominant organism which typically is involved with other
dinoflagellates in bloom from January through March. P,
triquetrum is associated with extremely rich or polluted
conditions. In the Pamlico River estuary the enrichment of the
water is attributed to large amounts of nitrates that reach the
river system from small city sewage outflow and from farm and
swamp runoff. The effects of phosphorus on the ecology of the
Pamlico River estuary were measured by Copeland and Hobbie (1972)
and supported the 1lesser role of phosphorus in determining
phytoplankton blooms for this area. They found that the estuary
is rich in phosphorus due to land runoff and mining waste sources,
with much of the incoming phosphorus accumulating in the bottom
sediments, Release of phosphorus into the water column was noted
to occur during periods of 1low oxygen condition. Their
experiments indicated that carbon intake was not enhanced by
additional phosphorus, but was increased when nitrates were added.
They concluded that nitrogen was the limiting nutrient in the
Pamlico River estuary. In a later study, the effects of
temperature increase on the composition of brackish water
phytoplankton populations were observed by Carpenter (1973).
Studies were conducted in four plastic pools located near the
Pamlico River estuary, where higher temperature ranges were
maintained in two of the pools than in the two control pools
during a February-April time period. The phytoplankton
populations in the heated pools were more diverse and were
composed of larger cells than in the control ponds. Carpenter
indicated that the warming tended to accelerate the late winter
and early spring successional patterns to a more mature
successional stage. He indicated the warming of brackish water by
possible heated effluents associated with electrical generating
plants may subsequently alter the phytoplankton composition.

Hulburt and Horton (1973) have observed conditions affecting
phytoplankton growth in Pamlico Sound. They observed a sequence
of dominant species where overlap of major populations was common
and the species benefited from a minimum of interference to their
development from other species. They concluded that one group of
species was not prevented from developing by the dominant presence
of another group of species., The groups would share the same
waters, showing minimum interference, with each responding to
growth patterns and growing in unison. Hobbie (1974) has further
investigated the phytoplankton composition, biomass, and nutrient
concentrations in the Pamlico River.
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Gales Creek - Bogue Sound

Campbell's (1973) study of the brackish water phytoplankton
emphasized the phytoflagellates of Gales Creek, a small tributary
of Bogue Sound (just south of Morehead City, North Carolina), and
he noted the diatoms had a typical bimodal period of annual
abundance with peaks in spring and fall. A total of 152
phytoflagellates were identified and dominated the phytoplankton
throughout the year. They had maximum dersities in late summer
with the majority being eurythermal and euryhaline species. The
low population numbers were attributed to low nitrate
concentrations and a high flushing rate for the estuary.

Cape Fear

Using multispectral aerial photography techniques, Welby (1976)
reports on this procedure to examine two different types of water
quality. Selected sites included the Cape Fear River and the
Chowan River. The report concerns results from these flights and
the application of such data to management planning of North
Carolina water resources. The technique may be used to trace
pollutants associated with turbid water, and how water draining
from the swamps might be traced to larger bodies of water.
Phytoplankton monitoring to note differences in concentrations are
discussed. Application of the multispectral analysis values to
limited ground truth information may allow useful phytoplankton
monitoring to a wide range of natural water systems. A technique
was developed by which the difference between the extinction
depths of a red quadrant and a white quadrant on a modified Secchi
disc was used with water sampling and analysis to obtain biomass
concentrations indirectly. This relationship was presented as one
of the ground truth measurements used to establish relationships
between the reflectance characteristics of a specific waterway to
different water quality parameters.

The Cape Fear estuary and adjacent nearshore ocean were studied
extensively by Copeland, Birkhead and Hodson (1974) with portions
of this information mentioned earlier by Copeland and Birkhead
(1973). The Cape Fear study was initiated to determine ecological
effects incident to the construction and operation of the
Brunswick nuclear generating plant. The biotic survey included a
qualitative and quantitative study of the phytoplankton, with over
450 species found in the Cape Fear River estuary system and ocean
off Oak Island. They noted that fourteen of the species were
abundant and thirty-six were common, with the remaining species
rare or not common in the samples. The diatoms were the most
abundant group with Stephanopyxis the most common genus
represented. It occurred in over 50 percent of the samples and
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averaged more than 100,000 cells per liter. This genus was found
throughout the year and was widespread in the collections. Other
genera that were common included Rhizosolenia, Nitzschia, and
Navicula. Copeland et al. (1974) reported over fifty species that
were restricted to the ocean stations, but none of- these were
found in any abundance. The cell counts ranged from 171,000 to
10,070,000 per 1liter. The total cell counts were greater at
stations in the Intracoastal Waterway and the ocean, particularily
during August 1971 and April 1973. During periods of large
concentrations, Stephanopyxis costatum composed the majority of
the cells. The lowest concentration of cells occurred during
October with the highest values during the summer months. It was
noted that on the 1incoming tide the total cell count was higher
at the estuary and nursery areas stations. Thus, tidal conditions
influenced, and allowed entry of phytoplankton populations into
the Cape Fear estuary from the ocean area. The lowest species
diversity indices also occurred in the nursery area stations,
particularly during times of the outgoing tide. Incoming tidal
conditions brought into the estuary additional species, with a
tendency to increase species diversity at that time. Species
diversity was also highest during fall and winter months, with
lowest values in summer. Periods of highest diversity also were
times of lowest concentrations in the Cape Fear estuary. During
the period of highest concentrations, the phytoplankton were
dominated by fewer species, but in greater numbers. The diversity
was lowest for the Intracoastal Waterway and ocean stations, but
these areas had the largest concentrations of phytoplankton.
Blooms, composed chiefly of Stephanopyxis costatum, were evident
in the ocean during August (of 1971, 1972), and April 1973.

Cooling water used in the Brunswick nuclear-fueled electric
generating plant is eventually discharged into the nearshore ocean
off Oak Island. Hodson, Schneider and Copeland (1977) have
assessed the impact of once-through cooling on the ecology of the
lower Cape Fear estuary. In entraimment studies they found the
phytoplankton showed no apparent effect attributable to the plant
dumping activities. They noted the close relationship between the
type of phytoplankton in the offshore waters and in adjacent
estuaries. Any withdrawal of phytoplankton from the Cape Fear
estuary was replaced by incoming populations. These were mainly
from the ocean, but also included forms from upstream entry. They
indicated that the Cape Fear estuary phytoplankton was similar to
populations in the coastal waters. Hodson et al. (1977) also
refer to additional reports submitted to the Carolina Power and
Light Company that pertain mainly to the Cape Fear estuary prior
to 1974,
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Charleston Region

An extensive project concerning an environmental baseline study of
South Carolina estuaries was begun in 1973 by the Marine Resources
Division of South Carolina Wildlife and Marine Resources
Department, which includes phytoplankton sections, along with
other biota, physical, and chemical parameters. The field survey
program involves quarterly collections at 33 stations across the
state's coastal zone, and 17 stations in the North and South
Edisto Rivers and the Cooper River that are sampled monthly.
Productivity values and monthly phytoplankton concentrations from
portions of this study have been reported by Manzi, Burrell and
Carson (1977) for several marsh impoundments and their associated
tidal creeks. The potential primary production here was higher in
the impoundments than in the tidal creeks. The highest values
ranged from 32.2 to 228.6 mgC/M”/hr.

An annotated checklist of South Carolina biota for the coastal
zone of South Carolina is presently in press (Zingmark, 1978a) and
contains listings of phytoplankton species for these waters. An
additional survey of phytoplankton production in North Inlet is
provided by Vennewitz (1977) who presents information on species
composition, their concentrations, photosynthetic rates, and
chlorophyll-a values. Hall (1978) has also reported on the
seasonal succession and species diversity of phytoplankton in the
North Inlet estuary.

A one year seasonal succession study was conducted by Zingmark
(1978b) at Kiawah Island located along the South Carolina coast,
south of Charleston. Oceanic, estuarine, and freshwater (coastal
ponds) stations were established. Zingmark lists 240 taxa, with
the diatoms dominant in the oceanic and estuarine stations, while
chlorophyta were most abundant in the freshwater stations. He
characterized the marine phytoplankton community of Kiawah Island
as typilcal of the eastern coast of the United States, with the
dominant marine diatoms being Asterionella glacialis (A.
japonica), Rhizosolenia alata, and Skeletonema costatum.

Georgia estuaries

Monthly measurements of phytoplankton photosynthesis and
chlorophyll-a in Doboy Sound, in the Duplin River, and in tidal
water inundating a marsh adjacent to Sapelo Island are being
conducted by E. Haines, L. R. Pomeroy, and D. L, Whitney (Haines,
1978, personal communication). The study is designed to analyze
the magnitude and distribution of phytoplankton production in the
salt marsh estuary and to determine the importance of
phytoplankton photosynthesis to the carbon budget of the marsh.
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thh particulate and dissolved organic production are measured by
1 C uptake over a vertical series from the surface to two meters.
Unpublished results (Haines, 1978, personal communication) over an
eleven month period indicate the highest rates of carbon fixation
for the Duplin River and Doboy Sound occurred in spring and
summer, with lowest in fall and winter. Photosynthesis rates
appeared to be most strongly dependent on light availability. 1In
these waters the phytoplankton composition was generally a mixture
of pelagic centric diatoms (Skeletonema, Asterionella,
Rhizosolenia), benthic pennate diatoms (Nitzschia, Navicula,
Pleurosigma), dinoflagellates, and green flagellates. The
phytoplankton production represents a negligible source of carbon
for the marsh because of the infrequency of significant inundation
during daylight hours, but this amount would vary in different
watersheds where there would be differences in the area of
euphotic zone (e.g. open water-marsh area inundation). The work
by Haines (1977) is discussed later where she brings out the
importance of the phytoplankton as an important source of carbon
in estuary systems. Haines is also studying the f}gxefzof organic
materials 1In an estuarine ecosystem using c/"“C ratlos,
emphasizing the sources and fates of estuarine detritus. This
work is being conducted in Altamaha, Doboy, and Sapelo Sounds,
nearby marshes, and nearshore shelf waters. In this use of stable
carbon isotope ratio analysis, the study will concentrate on the
evaluation of carbon pathways in the salt marsh ecosystem to
determine the sources of carbon for the organic matter, and
further analyze estuarine food webs. The Satilla River, which
enters the ocean at the southeastern coast of Georgia, has been
studied by D. Gillespie, with emphasis on obtaining quantitative
field data and the distribution of total annual production among
the various habitats.

Jacksonville and Cape Canaveral Area

The St. John's River estuary from Lake George to Mayport was
studied over a three year period by Drs. C. Demort and R. Bowman
in a broad-based study which emphasized the identification of
major zones of environmental stress within the river system and
included the correlation of phytoplankton standing crop, community
metabolism, and plankton associations, with chemical and physical
parameters. Demort has indicated (1978, personal communication)
that between 200 and 300 phytoplankton species have been
identified during the study which included monthly collections at
15 stations over the 209%m extent of the St. John's River. A
report for this Sea Grant-sponsored project will be completed by
late 1978, An additional nearshore shelf study has also been
underway by Dr. Demort since the summer of 1977. This includes
collections at approximately eight stations off the northeastern
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coast of Florida between Fernandina Beach (near the Florida-
Georgia border) and Anastasia, Florida. This is expected to be a
long-term study which would include phytoplankton composition and
counts, with related environmental parameters also recorded.

A broad-based - ecological study and monitoring program has been
conducted in the Cape Canaveral area in relation to the Florida
Power and Light Company's Hutchinson Island nuclear power plant.
Applied Biology, Inc. has prepared a report "Ecological Parameter
Monitoring at the Canaveral Plant”. Unfortunately, this report is
not available for distribution at this time. In addition, the
Department of Natural Reources of the State of Florida conducted
baseline studies for the Hutchinson Island area, which include
reports that have recently been published and several that are in
press (Walker and Steidinger, 1978; Tester and Steidinger, 1978;
and Walker, 1978). These investigations include a monthly
sampling program for nearby areas of the shelf over the last three
years. Diel studies were also included for one year. Among the
results, it was found that many of the dinoflagellates could serve
as species indicators of intrusion of oceanic water into this
area,

Apparently a variety of reports have been prepared for different
biota and the ecology of the Indian River estuary system. Some of
these may include phytoplankton as one of several segments
studied. Although no additional publications or items under study
were available to this author, it is apparent that this section of
the southeastern coast represents an area where future concerted
efforts will be continued and the various institutions of that
area would be a source of this continued work. Studies of this
area include the work of Dye (1978), who reports on limiting
nutrient algal assays from stations in the Indian River-Banana
River area near Cocoa Beach, Florida. Innoculating the samples
with Dunaliella tertiolecta, nutrient studies showed significant
algal growth with the addition of phosphorus, with even more
growth increase with both nitrogen and phosphorus added. With
sufficient amounts of phosphorus available, nitrogen was the
limiting nutrient. Also, within the Indian River system between
Vero Beach and Fort Pierce an extensive plankton study has been
underway for several years by investigators from the Harbor Branch
Foundation. Water quality and phytoplankton studies values have
been determined at several stations in this area and include
phytoplankton composition counts, and pigment values (Gibson,
1978, personal comunication). Additional studies of benthic
epiphytic diatoms are being conducted off West Palm Beach to 91m
depth.
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2.3 Productivity and Nutrient Studies

The association between nitrate uptake and the development of a
phytoplankton bloom was discussed by Harrison (1973) in a study in
Pamlico River -estuary. He -found that phytoplankton nitrate
reductase activity occurred during the development of a winter
dinoflagellate bloom. Such activity 1is induced by nitrate
assimilation and repressed during ammonium assimilation. His
studies indicated that nitrate is the major nitrogen source during
such blooms, even in the presence of ammonium. In this study,
Harrison found that nitrate levels were apparently a major
influence in the initiation and maintenance of phytoplankton
blooums.

Sanders (1978) conducted a study on response of a mnatural
phytoplankton population to increased concentrations of manganese.
Working with samples taken from Calico Creek, a tributary to
Newport River estuary (North Carolina), he_ indicated a high
phytoplankton productivity rate, 230 gC/Mz/yr, with summer
populations dominated by Navicula arvensis, Nannochloris sp., and
Nephroselmis gilva. The response to the excess manganese varied
with tidal amplitude, where carbon uptake was high at low periods
of tidal amplitude. He suggests it is likely this stimulation was
due to interactions between the added manganese and dissolved
organics present in the creek, and this affected the availability
of the manganese to the phytoplankton.

Phytoplankton productivity was studied by Thayer (1971) in an
extensive estuary system, bordered by the barrier islands, near
Cape Lookout. He measured photosynthesis, nutrients, and the
standing crop of phytoplankton for one year at 32 stations. He
noted minimal production in the winter and maximal in June and
July2 The annual range of production was from_ 16 gC/M“ to 163
gC/M* with an average of 66.6 gC/M“ for the 400km” study area. He
indicated - that both phosphorus and nitrogen concentrations were
probably limiting factors, but N:P ratios suggest nitrogen was
more limiting. Thayer noted that the diatoms predominated
throughout the year with Skeletonema costatum, and species of
Nitzschia and Chaetoceros, the most numerous forms. In a later
report, Thayer (1974) discusses nutrient 1limitation to
phytoplankton production in the same estuary. Using nutrient
enrichment techniques, he 1identified nitrogen as a primary
limiting nutrient, with phosphorus limiting at times. Thayer
further mentions the presence of organic substrates, that are low
in these nutrients relative to their carbon content, may be one of
the factors 1limiting the availability of nutrients to the
phytoplankton. In his study of the Cape Fear River plume for over
a year with ERTS imagery, Welby (1975) cites conditions where
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imagery studies may be useful in monitoring coastal phytoplankton
blooms.

Several R/V EASTWARD cruises have been involved with productivity
measurements in shelf waters off the North Carolina coast. On
cruise E-12-72, four transects, each with six stations, were
established between Cape Hatteras and Cape Lookout. Collections
were taken about two miles offshore and extended seaward between
Core Banks and Hatteras Inlet. Chemical and physical parameters
were measured along with primary productivity, chlorophyll,
pheophytin and particulate carbon. A raw data report is presented
for a vertical series of measurements for each of these stations
(Anonymous, 1972). Smith and Barber (1974) provide raw data from
an extensive series of transects over the shelf between Cape
Hatteras and just south of Cape Lookout. Nutrient and
productivity values were determined at each station, over a
vertical range from surface to bottom. Smith and Cowles (1975)
present = additional data for some of the stations covered
previously by Smith and Barber (1974). 1In all of the reports the
data are presented, but not summarized or evaluated. A similar
raw data report 1is given by Haines (1972) for a series of EASTWARD
cruises occurring over the shelf between Cape Hatteras and Cape
Canaveral. In this report the data are given for a vertical
series of measurements which includes nutrient, chlorophyll, and
productivity data.

A discussion and evaluation of the 140 method in measuring
productivity in the North Inlet estuary (near Georgetown, South
Carolina) is presented by Sellner, Zingmark and Miller (1976).
The Eroductivity values ranged2 from a November 1low of 6-4
mgC/M“/hr. to a high of 234 mgC/M“/hr. in August. A comparison of
primary production rates for the eastern seaboard is also given
(Table IV-2) in which Sellner et al. (1976) compare these values
and their results. The North Inlet estuary with a particulate
production of 259 gC/m“/yr. is between the North Carolina and
Georgia estuarine production data. f carbon release is included,
the total production is 346 gC/m“yr. By not including the
released carbon, the value is underestimated by 25 percent. They
found the highest release rates were observed during the 1972
summer where up to 55 percent of fixed carbon was released, with
this percentage dropping to between 3-14 percent during the
following spring—summer period. The release of fixed carbon would
be partly due to lysis of cells in the filtering process. The
authors conclude their evaluation with the suggestion that the l4-
C method should be used with caution with attention given to
volume filtration errors (cell 1lysis) producing high released
carbon percentages and incorporation of the dark bottle in primary

production studies.
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TABLE IV-2. A comparison of estuarine primary production rates for the eastern seaboard of
the United States (Sellner, Zingmark and Miller, 1976).

Location Method Production Reference
Rate
gC/mz/yr.
Narragansett Bay 02 84 : Smayda, 1957
Long Island Sound 02 (net) 170 Riley, 1956
Patuxent River Estuary 14¢ 193-330 Stross & Stottle-

meyer, 1966

Beaufort Estuary, N. C. 14¢ 67 Thayer, 1971
Beaufort Estuary, N. C. 02 (net) 53 Williams, 1966
North Inlet Estuary 14¢ 259 (346)1 present study
Atlamaha River mouth 14¢ 546 Thomas, 1966

lparticulate = 259; total (particulate + released) = 346.




In a report by Vernberg, Bonnel, Coull, Dame, DeCoursey, Kitchens,
Kjerfve, Stevenson, Vernberg and Zingmark (1977) on the North
Inlet estuary there are further studies on the phytoplankton and
microbenthic algae. In the chapter by R. Zingmark, productivity
values are presented. The rate of phytoplanktonic production was
273 gC/mZ/yr. This rate was less than the earlier study mentioned
above, but considerably larger than the values reported by Thayer
(1971) for a shallgw estuary near Beaufort, North Carolina, which
average 66.6 gC/m /y1:.2 and similar to that noted by Sanders
(1978) where 230 gC/m“/yr. was noted for Calico Creek, near
Morehead, North Carolina. High productivity was also recorded for
the benthic microflora, in North Inlet, which had an annual rate
of 685 gC/mz/yr. The results indicate that in the North Inlet
estuary the algae (phytoplankton, benthic microflora, benthic
macroalgae), in contrast to the halophytes, are the most important
primary producers. This represents a greater role normally
assigned to the algae for their contributions to the productivity
in an estuary system,

Haines (1977), in her discussion of origins of detritus in Georgia
salt marsh estuaries, offers evidence for a source other than
Spartina alterniflora for a significant fraction of organic
seston. She also 1indicates that phytoplankton production is
probably more important to the food webs of the estuary than is
presently thought. Utilizing the stable carbon isotopic
composition of organic seston, it was found that these ﬁ%? not
TStCh the isotopic composition of Spartina carbon, yet the C and

C ratios were compatible to those of phytoplankton and
terrestrial sources. Haines offers estimates of potent%al input
of organic materials to Georgia estu%ries of 770 gC/m“/yr. for
phytoplankton production and 600 gC/m“/yr. for terrestrial plant
detritus, which are comparable to estimated values (780-1660
gC/mZ/yr.) given for Spartina salt marshes. Haines and Dunstan
(1975) have conducted a seasonal survey of particulate organic
materials and primary production in the Georgia Bight. The area
studied is part of the continental shelf between Cape Romain,
South Carolina and St. John's River, Florida. Previous studies
have shown this area to have one of the highest annyal rates for
marine phytoplankton production recorded (546 gC/m“/yr. in the
inner 15km of Georgia coastal waters, (Thomas, 1966). In this
study they noted a general lack of seasonality in production where
phytoplankton blooms in Georgia shelf waters were non-seasonal and
of short duration. Their production values for mean annual rates
show the following: 285 gC/m2 for nearshore waters, 132 gC/m2 for
the outer shelf, with 171 gC/w? for the entire shelf. Utilizing
ratios of carbon to nitrogen and carbon to chlorophyll-a, with
carbon isotopic ratios, they found that the data indicated an in
situ origin of most nearshore particulate organic material, rather
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than from the nearby estuaries, with the source coming from the
phytoplankton production. Haines (1975) earlier studied the
continental shelf area between Charleston, South Carolina to
Fernandina Beach, Florida to determine to what extent nutrients
from nearby estuaries were brought to the shelf waters and how
this outwelling affects production in Georgia coastal waters. She
established a nitrogen flux budget for the Georgia and South
Carolina shelf waters. The 1influx of nitrogen from fresh water
drainage, deep water intrusion, and precipitation was compared to
uptake values by the primary producers and to the standing stock
of particulate nitrogen. Her results indicated in situ
regeneration the major process for continuing high rates of
nutrient flux (and biological productivity) for these shelf

"-waters. Lesser significance was placed on nutrient influx from

estuary outwelling and from deep water across the edge of the
shelf. Haines has also indicated (1978, personal communication)
the importance of sub-surface Gulf Stream water as a nutrient
source for the shelf phytoplankton, whose role and contributions
to the productivity of coastal estuaries is probably greater than
is now recognized.

Morris, Yentsch and Yentsch (197la) considered the approach that
phytoplankton in the ocean are not nitrogen deficient. They
reported on studies about the rate of dark fixation after the
addition of ammonium ion to cultures of marine phytoplankton and
to natural populations in the Strait of Florida. Their studies
suggested that nitrogen deficiency in tropical oceanic populations
does not occur to the degree that can be induced in culture. They
suggest that the reason tropical phytoplankton populations are
small is that the population size is limited by the level of
nitrogen introduced into the system. They state that the
difference between a limitation and a deficiency of the nutrient
is that the physiological processes are not markedly affected by a
limitation. An interesting association with current transport and
the development of an algal bloom off the Florida coast is
discussed by Murphy, Steidinger, Roberts, Williams and Jolley
(1975). They indicate that a Gulf of Mexico loop current anomaly
transported large volumes of water containing red tide blooms of
Gymnodinium breve from the southwest coast of Florida to
eventually reach the Florida east coast., Bloom conditions were
realized north of Fort Lauderdale. This pattern of entry to
Florida coastal waters by phytoplankton in the Florida current
illustrates the importance of the coastal current systems as
transportation for a variety of tropical and nontropical species
to enter the southeastern coastal waters of the United States.
Morris, Yentsch and Yentsch (1971b) indicated that between the
coast of Florida and the open waters of the Florida current off
Fort Lauderdale there is a decrease in chlorophyll concentrations.
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They refer to eutrophic coastal waters with the surface waters in
the Strait of Florida as rather nutrient poor. They conducted
experiments on natural populations in the Florida Strait and with
cultures to evaluate the C-14 technique for assessing primary
productivity, and discuss results of experiments regarding the
rate of dark fixation in response to specific environmental
parameters, and its relationship to cell density.

2.4 Additional Areas of Study

Fornshell, Frydenlund and Christensen (1977) reported on a net
survey of surface phytoplankton during a cruise between Cape
Canaveral and Cape May. They identified seven Ceratium species and
Polykrikos schwartzi in the samples with C. tripos and C.
macroceros as dominant forms. A high level of developmental
synchronization of at least nine dinoflagellates was noted in
collections coming from the Gulf Stream about 100km east of Cape
Lookout by Doyle and Poore (1974). They propose that the
synchronizing agent in the Gulf Stream is the diurnal fluctuation
in nutrients. A mathematical model is offered and they suggest
that this division synchrony represents an indicator of nutrient
competition that increases with the severity of such limitations
to the phytoplankton. In modeling studies with phytoplankton in
areas such as the Gulf Stream, O'Brien and Wroblewski (1973)
discuss the importance of advection 1in relation to biological
productivity. They offer a new non-dimensional number to define
the importance of advection by organized fluid motion in spatial
models of marine food chains.

The importance of marine benthic diatoms in the stabilization of
sediments was discussed by Holland, Zingmark and Dean (1974).
Using both unialgal cultures and a mixed microalgal community from
an intertidal mud flat from a South Carolina estuary, they found
diatoms that secreted large quantities of mucilage were effective
sediment stabilizers. This was in contrast to benthic diatoms
that secreted little or no mucilage. In their discussion they
bring out the selective advantage that would exist to such
autotrophic plants that could reduce the resuspension of
sediments, and broader implications to the effect of increased
sediment stability to benthic meiofaunal communities.

Using an estuarine diatom, Ferguson, Collier and Meeter (1976)
examined the exponential growth rate as a function of illumination
intensity, temperature, and nitrogen source. The exponential
phase cell division rate was proportional to day length, while
division rate saturation intensity was similar with 12 or 24 hours
of light per day. The growth rate was influenced by interactions
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among the variables and concentrations.

Studies concerning the effects of mercury on estuarine and oceanic
phytoplankton by Zingmark and Miller (1975) included samples taken
in Clambake Creek, South Carolina. There, results illustrated the
inhibitory effect of mercury on phytoplankton production that was
directly related to the mercury concentrations.

2.5 Summation of Research to Date

Past phytoplankton studies between Cape Hatteras, North Carolina
and Cape Canaveral, Florida have been concentrated in several of
the major estuarine systems within this area. Scattered along the
southeastern coast, a concerted system of studies have been
underway to more fully understand the dynamics and ecological
relationships that exist in these estuarine complexes. Examples
of such areal studies would include those in the Pamlico River
estuary, the Cape Fear area, the north and south Edisto and Cooper
Rivers, Kiawah Island, Doboy and Altamaha and Sapelo Sounds,
Indian River, and the Hutchinson Island studies. Offshore studies
include those in Onslow Bay and several extensive cruises over the
shelf region. Basic population studies, as well as ecological
monitoring and the collection of related physical and chemical
data have been underway in several long term based programs.

The past and ongoing studies offer information on the numbers and
types of phytoplankton that are present in shelf waters and
. associated estuaries., Seasonal patterns of abundance and dominant
species have also been identified. Scattered productivity studies
for several of the estuaries, nearshore and to the more distant
sections near the shelf break, have been conducted. The results
show a significantly high productivity value for the offshore
waters of the area. Of note are studies regarding the interaction
of the phytoplankton to other trophic levels in the surrounding
food webs of these waters, and the source of nutrients for these
autotrophs. Another major area of interest 1is the overall
interaction that exists Dbetween the shelf phytoplankton
populations and the associated ecology and productivity of the
marsh-estuary systems inshore. This factor is of importance when
considering possible impact that may result to these phytoplankton
populations from changes to the shelf water quality due to
of fshore activities related to drilling, oil spills, and other
perturbations by man.

Significant knowledge has been gained by the recent estuarine
phytoplankton studies. These have included not only basic
research efforts to Dbetter wunderstand population dynamics,
composition, and interactions with other biota and the
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environment, but include many applied studies that may have value
to offshore conditions. It will be possible to apply much of the
knowledge gained in these estuarine studies to shelf populations.
In addition, these estuarine and nearshore programs have trained
speclalists, and fostered a development of an experienced staff,
that could allow for an expansion of effort seaward where this
need exists. )

3.0 IDENTIFICATION AND LOCATION OF RAW DATA AND UNWORKED
SAMPLES

There will always be a certain amount of unworked samples
associated with ongoing studies and those collections recently
completed for this region. It is assumed that the majority of
these data will be gradually incorporated into reports and/or
publications in the near futggg. The ongoing research programs
presented in Appendix A offefs /several sources of raw data (e.g.
U. S. Geological Survey watét/quality study in South Carolina)
that may have broad application and represent a long term data
base. In several laboratories, extensive monitoring programs will
include phytoplankton-related data (e. g. composition, counts,
productivity, chlorophyll), which may or may not have been worked
on with the other parameters. The extensive collections in the
South Carolina estuaries 1include considerable samples and
information related to the phytoplankton compositions. These
samples are located at the Marine Resources Research Institute,
South Carolina Wildlife and Marine Resources Department, 1in
Charleston, South Carolina and are being processed by Dr. John
Manzi. Associated physical and chemical parameters for these
sample station sites would also be available at the Institute
(Manzi, 1978, personal communication). Additional samples for a
major program involving phytoplankton and zooplankton collections
in shelf waters off the Georgia coast are presently being
processed at the Skidaway Institute of Oceanography, Savannah,
Georgia under the supervision of Drs. G. Paffenh6fer and William
Dunstan (Paffenhd3fer, 1978, personal communication). Samples from
the shelf waters of the area are also part of a broader base study
of east coast plankton by Marshall and are located and being
worked at 0ld Dominion University.

In addition, two years of weekly station data has been obtained
for a portion of the Indian River between Fort Pierce and Vero

‘Beach. During the first year of the study, seven stations were

sampled, with collections reduced to three stations the second
year. Phytoplankton samples were taken, plus physical and
chemical parameters measured, which included basic nutrients.
This program is under the direction of Dr. M. Youngbluth and
Robert Gibson of the Harbor Branch Foundation, Fort Pierce,
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Florida. The majority of the phytoplankton samples have not been
examined to date, but will be processed at the Harbor Branch
Foundation (Gibson, 1978, personal communication).

4,0 IDENTIFICATION OF DATA GAPS

Due to the intensive efforts of investigators at several
universities, state, and federal agencies within the states of
North Carolina, South Carolina, Georgia, and Florida,
phytoplankton studies have not been neglected for this coastal
region of southeastern United States. A data base has been
established in recent years that has allowed a better
understanding regarding the nature and ecology of the
phytoplankton populations that are present. The vast majority of
these studies have been centered in estuarine habitats with common
areas of concern the effects of man's perturbation to this
particular group, to other biota, or general envirommental impact.
No doubt future estuarine studies will continue to be directed to
specific problems of a certain locale, eutrophication, and other
conditions associated with changing water quality, pollution, etc.
It is apparent that biotic assessment and long term monitoring
studies have been established in the major estuary systems along
the coast. .

In the VIMS (1974) appraisal of the status of phytoplankton work
in this area, seven gaps in available information were identified.
These were as follows:

1. Descriptions of community structure for many estuaries
between North Inlet, South Carolina and Cape Canaveral
are lacking.

2. There are lacking measurements of primary production in
most estuaries between Cape Hatteras and Cape Canaveral.

3. Nutrient limitation has not been evaluated.

4, Synoptic information on shelf phytoplankton populations
is not available.

5. Rates of energy flow to higher trophic levels are not
available.

6. Specific aspects of various pollutants, especially oil,
on phytoplankton in regard to community structure and
productivity are inadequately known, to predict long
term effects of exposure.

7. Many available data are ten years old and may not represent
present conditions.

An appraisal of what has taken place since this 1974 report was
completed would indicate that many of these gaps have been either
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addressed or under study. For instance, significant gains have
not only been realized in estuarine investigations in each of
these four states, but they also include several established
broad-based monitoring programs. Recent productivity measurements
have not been as extensive and are certainly lacking in the more
distant shelf waters, but they have increased significantly over
the past few years, and are continuing. Of importance here are
the additional relationships now under investigation concerning
the source of nutrients to the shelf waters and the role of
phytoplankton populations to the estuaries and their overall
contributions to the productivity of shelf and coastal waters.

Seasonal phytoplankton studies are now taking place over extended
areas of the continental shelf. In addition to these broad
surveys, more local type monitoring, consisting of cruises having
greater sampling frequency and scope are in progress. For
instance, sections of the continental shelf are being more
systematically sampled in the Georgia Bight area. The blending of
such information with data from the broad coverage type cruises
will certainly offer a greater understanding of total plankton
dynamics and seasonal fluctuation for the region.

Not fully addressed in recent years are the fifth and sixth areas,
or information gaps, mentioned above in the VIMS (1974) report.
These refer to energy flow studies and studies concerning the
influence of o0il and its by-products on phytoplankton populations
and production. The last item mentioned as a possible data gap
was that the age of the past studies may make the past information
outdated. This point appears to be covered by the more expanded
and recent phytoplankton studies that are now underway.

The following are considered to be topics needing additional
information for the near future:

l. More complete information of seasonal production patterns
for nearshore and offshore areas over the continental
shelf.

2. Additional work on the degree of importance and inter-
relationships of the phytoplankters to the coastal and
associated estuary ecosystem.

3. Identification of the seasonal nutrient relationships that
exist between the shelf and the various estuary ecosystems
along this coast.

4. More information is needed as to the seasonal relatiomnship
of phytoplankton composition and production to the differ-
ent water masses, to the herbivores, and nutrient levels.

S. Although the influence of the various pollutants (especial-
ly oil, PCB's, etc.) need not be limited to laboratories
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along this coast (Fisher, 1975) to be applicable to these
phytoplankton, there is a lack of such studies coming from
this region. This is not considered a major shortcoming
since such studies are being conducted at numerous lab-
oratories in the United States. However, there are numerous
toxicological studies that have not involved several of the
dominant phytoplankton common to these waters, and there
would be value in expanding such efforts in this direction.

5.0 RECOMMENDATIONS FOR FUTURE STUDIES

The following are recommendations for future phytoplankton studies
between Cape Hatteras and Cape Canaveral.

1.

Monitoring programs in the estuaries of the region should
be continued. However, present and future programs need
to be systematically appraised to evaluate efficiency of
the sampling program and significance of the parameters
being measured. Unless information from such studies are
routinely processed and evaluated the information has
little value.

Additional nearshore and offshore productivity studies

are needed to better appraise seasonal patterns and under-
stand relationships to the various water masses that enter
this area, and the associations to local herbivores and
existing food webs.

Additional laboratory studies concerning the effects of
oil, and its by-products, on the major phytoplankton
species in these waters would be helpful. Additional
laboratory studies concerning trace metals, vitamins,
growth inhibitors, and growth stimulators, would also

be recommended with direct application to the local areas.
Long term composition and distribution information for the
shelf region would provide a valuable information base for
denoting major population shifts, changes in water quality,
and other influences to these waters.
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1.0 INTRODUCTION

1.1 Scope of the Evaluation

The purpose of this chapter is to review the literature concerning
zooplankton research in the southeastern U. S. and to update the
information presented in a previous review by Roberts (1974).
Although the present project concentrates on the summarization and
evaluation of research published since 1973, it also includes any
studies conducted before this time that are considered to be
important to the understanding of zooplankton ecology, yet were
not covered in the 1974 review. The geographic coverage of this
review (hereafter referred to as the inventory area) includes all
estuarine, coastal, and offshore waters from Cape Hatteras, North
Carolina, to Cape Canaveral, Florida, although research done in
peripheral Gulf Stream and Sargasso Sea areas 1s also considered.

In order to make this review useful to planktologists, extensive
use 1is made of figures and tables to present new data on
zooplankton communities, especially in the summarization of
unpublished work such as theses and technical reports. Analyses
of general trends are made at the ends of each section, although
it is recognized that many of the studies are not directly
comparable., It is hoped that the patterns presented and data gaps
identified will serve to inspire further research to define and
clarify the ecology of zooplankton species from various
ecosystems.

1.2 Information Sources

Information for this study was gathered from published and
unpublished sources, as well as from personal contacts with
scientists involved in zooplankton research. Table V-1 gives the
major information sources wused in finding published and
unpublished materials and in identifying researchers for the
mailing 1lists. State and Federal agencies located in the
inventory area, as well as most of the major southeastern
universities and research institutions were contacted for
information on published and unpublished articles, ongoing
research programs and raw data banks. Nearly 40 percent of the
~researchers contacted responded to the mailing survey, providing a
firm data base to supplement the literature review.



TABLE V-1.

Information Sources

Printed “atter

i.
2.
3.
4.
5.
6.
7.

Ocean Abstracts 1974-present

Aquatic¢ 5ciences and Fisheries Abstracts L97S-prasent

The Environment Index 197S-present

Znvironment aAbstracts 197S5-present

Bilological and Agricultural Index Aug. l974-prasent

Monthly Catalog 2f U. S. Government Publications 1974-oresent
Weedman, P. X. (ed.) 1977. Sea Grant Publications Index 1976,
Vol. 1. iational Sea Grant Depository, Univ. of Rhoda Island.
NSGD~I-76=-001. 219 p.

Weedman, P. K. (ad.) 1977. Sea Grant Publications Index 1976,
Vol. 2. National Sea Srant Depository, Univ. of Rhode Island.
NSGD=1-76-002. 310 p.

Coastal Plains Center for Marine Development Services. 1972.
A dirscsory of bibliographies relevant %o “he environment and
activities of the coastal plains region. Publication 72-3.
Coastal Plains Zenter for 'Marine Development Services. 1976.
Summary of marine activities of the coastal plains region.
Coastal ?laing Center for Marine Development Services. 1977.
Summary of marine activities of the coastal plains region.

U. S. Dept. of the Interior, Bureau of Land “anagement. 1378.
Proposed 1973 Qutar Continental Shelf 2il and sas Lease Sale,
South Atlantic OCS Sale No. 43: Final Environmental Impact
Statement 1l:X1-X12.

Computer search for 3South Atlantic 3ight: Oceanic Abstracts
(97}, 3iological Abstracts (BA], ‘atiocnal Technical Information
Service (TIS).

Computar search Environmental Data Index.

Jomputer search Raports of Observations and Samples Jollactaed
5y Ongoing Oceanographic Programs (ROSCOP).

Corputer search through the "llational Inventory of 3iological
Monitoring Programs” (IIBMP] and "Smithsonian Science and
Information Exchange.

National 'arine Fisheriss 3Service, Beaufort, . C. S5taff
Publications List: 1953-1977.

Virginia Water Resources Cencter RECON Tnvironmental Data
fectrisval Program.

Personal Contacts

Coastal Plains Center ZIor arine Cevelooment Services. 1972,

A directory of bibliograpnias relevant to the environment and
activities of the coastal plains region, Publication 72-3.
Coastal Plains lentar Zfor Marine Develooment Services. 1976.
Summary of marine activities of the coastal plains ragion.
Coastal Plains Center for Marine Development Services. 1377.
Summary of marine activities »f the coastal plains region.

J. 5. Dept. of the Intarior, 3ureau 2f lLand Management. 1978,
Proposed 1978 Quter <Continental Shelf Qil and Gas Lease 3ale,
South Atlantic SCS salas o, 43: Final Environmental Impact
Statement 1:71-%12.

Intaragency Zommittae on Marine 3cience and Ingineering, Federal
Jouncil Ior Science and Tachnology. Universisy Jurricula in <R
Marine Sciences and Related Fieids: Academic Ysars 1975-1376,
1976-1277.

Jivision of Inwartebrat: IZoology of the American Society st
ZJooiogists. 137 Jirscewory of “embers.

American Society of Limnelegy and Zcesancgrapay. 1377, Sireczsry




1.3 General Review of Studies Prior to 1973

In reviewing the literature for this chapter, efforts have been
concentrated on research since 1973. It is recognized, however,
that there are a number of articles prior to 1973 which have not
been reviewed previously, but which contribute significantly to
the knowledge of zooplankton communities of the southeastern coast
of the U. S. 1In this section these references will be generally
reviewed, but a more detailed discussion of the results of major
works will be made in the appropriate sections of the chapter.

In order to begin to familiarize the reader with studies of the
zooplankton of the South Atlantic Bight prior to 1973, a brief
summary of the review article by Roberts (1974) appears
appropriate. The most striking conclusion from this review was
the dearth of zooplankton research within the area covered by the
inventory. The geographic areas that were examined included the
sounds and estuaries of Subzone I - North Carolina; Subzone II -
South Carolina and Georgia; and Subzone III - Florida; as well as
the offshore waters of the continental shelf along these states.
The zooplankton research conducted in each of these areas varied
considerably in scope and intensity of sampling effort,

Studies in Subzone I consisted mainly of work done by Sutcliffe
(1950) on holoplankton and an extensive ten—year study of
meroplankton by A. B. Williams and colleagues (Williams, 1955,
1959, 1969, 1971, 1972; Williams and Bynum, 1972; Williams and
Deubler, 1968; Williams and Porter, 1971). The areas covered by
these studies centered around Pamlico, Core, and Bogue Sounds and
adjacent.rivers.

Considerably less zooplankton research was identified in Subzone
II. No quantitative studies were made in South Carolina, but
reports on work done on larval stages of commercial species
(primarily Penaeus sp. and several post-larval fish) did indicate
general seasonal trends in dominant groups. A study was done on
the copepods of the Doboy Sound and Duplin River in Georgia
(Jacobs, 1968).

In Subzone III, the only zooplankton work that was found was an
investigation into the distribution and seasonality of Callinectes
larvae done in connection with a study of the biology of the blue
crab in the St. Johns River, Florida (Tagatz, 1968).

Virtually all publications concerning continental shelf
zooplankton communities resulted from work done on collections
made on the R/V GILL cruises in 1953-1954. Various authors
examined copepods (Bowman, 1971), chaetognaths (Pierce and Wass,
1962), Lucifer (Bowman and McCain, 1967), pteropods (Chen and
Hillman, 1970) and Callinectes larvae (Nichols and Keney, 1963).
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Roberts (1974) analyzed the patterns of composition, abundance
(nmumerical and volumetric), distribution, and seasonality of the
zooplankton communities described for each of the geographic
areas.

Several of the more classical investigations of the zooplankton
communities of the open oceans had collection sites in or near the
South Atlantic Bight and therefore should be mentioned. Riley
(1939) made a transect from Cuba to Woods Hole and collected
zooplankton at a station in the OCS area off the coast of Georgia.
He made volumetric determinations and counts of broad categories
of zooplankton at each of the stations along the transect and
concluded that the zooplankton standing crop was greater in
northern than southern waters. Clarke (1940) studied the vertical
and seasonal variation of the zooplankton community at a number of
offshore stations, including one located in the Sargasso Sea off
Cape Hatteras. Grice and Hart (1962) studied the abundance and
seasonality of the zooplankton community of the Gulf Stream and
Sargasso Sea in the same area. Sutcliffe (1960) studied the
relationship between species diversity and standing crop in the
Sargasso Sea and found an inverse relationship between diversity
and productivity as measured by zooplankton volume. He further
found that diversity in these open ocean areas may not be
necessarily controlled by major environmental factors since
similar values of Fisher's index of diversity were found under a
variety of conditions of temperature, phytoplankton density, and
geographic latitude.

A great deal of research was done by investigators from the
University of Miami during the late 1950s and early 1960s in
studying the zooplankton communities of the Gulf Stream (Bsharah,
1957; Moore and O'Berry, 1957; Owre, 1962; Moore and Foyo, 1963;
Roehr and Moore, 1965). Although most of the work was done off
south Florida, it is recognized that Gulf Stream zooplankton
communities are carried along the entire southeastern OCS area, so
material from these ©publications will be included in the
discussion of the various section topics.

Unpublished technical reports, theses, and dissertation materials
on research prior to 1973 provide a considerable amount of
information on the composition, distribution, seasonality, and
relative abundance of zooplankton communities of the southeastern
U. S. Peters (1968) did an envirommental survey in Pamlico
Estuary North Carolina in order to determine relationships
between selected envirommental parameters and zooplankton
abundance. The abundance of general groups of holoplankton was
observed at various depths, localities, and seasons, and attempts
were made to explain the general patterns of abundance by multiple
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linear regression analysis.

Dudley and Judy (1971) investigated the numerical abundance,
distribution, and seasonality of crab larvae in the coastal waters
off Beaufort, North Carolina. Thirteen plankton stations -
extending from Beaufort Inlet to 13km offshore were sampled at
depths of Im and 8m biweekly from May through November. The
horizontal, vertical, and temporal patterns of 27 larval forms
were observed.

By far the most intensive study of the composition, distribution,
and seasonality of a zooplankton community in a southeastern
estuary was reported by McCrary (1969). Zooplankton collections
were made four times per week at two stations in Wrightsville
Sound, North Carolina during the course of a three year study.
Extensive taxonomic work was done on both the holoplankton and
meroplankton, with larval forms not previously described in the
literature being identified by rearing to adulthood or by
comparisons with offspring of known parentage. Seasonal trends
were described for most species and distinct water masses (sound,
inner coastal, and outer coastal water) were identified by the
composition of the zooplankton communities. Details of the
findings of these studies will be reviewed in Section 2.1.

Two studies (Wells and Gray, 1960; Vernberg and Vernberg, 1970)
have examined the relationship between physiological tolerance and
zoogeographic distribution, particularly as related to the
significance of larval transport in the area of Cape Hatteras,
North Carolina. Wells and Gray (1960) observed that Mytilus
edulis populations could not survive due to the summer water
temperatures found to the south of Cape Hatteras but were
replenished seasonally by recruitment of larvae into the
Carolinian subprovince periodically due to northeasterly wind
patterns in the fall. The presence and abundance of temporary
populations of Mytilus were correlated to the severity of
northeast storms during the previous fall seasons. Vernberg and
Vernberg (1970) experimentally examined the lethal ‘thermal and
salinity limits of adult and larval stages of species from the
cold Virginian coastal waters to the north and the reeflike
formations in the Gulf Stream to the south of Cape Hatteras. They
concluded that temperature and salinity are major factors limiting
the distribution of the marine species studied and that
zoogeographic patterns seen in the areas around Cape Hatteras are
correlated to tolerance of the larvae.
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Investigators at the Duke University Marine Laboratory have done a
great deal of research in the rearing of major crustacean species
in order to describe larval stages and determine the physiological
tolerances of these larvae. Obviously, such basic information is
quite important to investigators attempting taxonomic or
ecological studies of the =zooplankton in waters where these
species are abundant. In the 1literature prior to 1973,
descriptions have been published for the larval stages of Balanus
(Costlow and Bookhout, 1957, 1958), Callinectes sapidus (Costlow
and Bookhout, 1959), Panopeus herbstii (Costlow and Bookhout,
196la), Eurypanopeus depressus (Costlow and Bookhout, 1961b),
Sesarma reticulatum (Costlow and Bookhout, 1962b), Hepatus
epheliticus (Costlow and Bookhout, 1962a), Hexapanopeus
angustifrons (Costlow and Bookhout, 1966a), Pinnotheres maculatus
(Costlow and Bookhout, 1966b). The physiological effects of such
environmental factors as temperature, salinity, and the
temperature-salinity interaction have been determined for a number
of larval forms (Costlow, 1967; Costlow and Bookhout, 1971; and
Costlow, Bookhout and Monroe, 1960, 1962, 1966).

Few physiological studies have been done on the open ocean
zooplankton of the South Atlantic Bight prior to 1973. Hopper
(1960) studied the effects of salinity on open ocean zooplankton
from the South Atlantic and found that most forms tolerated a far
greater range in salinities than would ever be encountered in the
open ocean. Although he only examined survival and not subtle
sublethal effects, he concluded that salinity did not limit the
distribution of the species observed. Teal (1971) studied the
effects of temperature and pressure on the respiration of five
species of pelagic decapods collected in the Sargasso Sea. The
significance of vertical migration in its effects on the
metabolism of zooplankton was examined.

In reviewing the literature on the effects of man's activities on
the zooplankton community, it becomes apparent that very little
work was done prior to 1973, Odum and Chestnut (1970)
investigated the effects of treated sewage on a microcosm designed
to simulate a North Carolina estuarine ecosystem. One component
of the study involved observation of the changes 1in the
zooplankton community associated with increased organic and
nutrient load (Section 2.6). In a general article on the analysis
of pollutants in zooplankton, Grice, Harvey, Bowen and Backus
(1972) identified potential sources of contamination during
collection and suggested general sampling procedures. Even though
the evidence of success of the methods was demonstrated on samples
taken from open ocean waters outside of the area of the present
inventory, the general approach would appear to be equally useful
to investigators working in the waters of the inventory area.
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2.0 SUMMARY AND ANALYSIS OF RESEARCH SINCE 1973

2.1 Composition and General Characteristics: Community
Structure, Distribution and Abundance

2.1.1 Estuaries

Only a few zooplankton surveys have been made in the estuaries of
each state of the inventory area. In this section, major results
and conclusions concerning zooplankton community composition,
distribution, and abundance from these studies will be discussed.
A direct comparison of spatial (vertical and horizontal) and
temporal (diurnal and seasonal) patterns of the zooplankton from
various geographic areas will be reserved for Section 2.2.

Peters (1968) studied the zooplankton community of the Pamlico
Estuary, North Carolina. Collections were made at various depths,
times, and localities by pumping water through a 150 micron mesh
net. The data presented were averages of counts made for each of
the sampling dates regardless of time, depth or locality, so only
a general analysis of abundance and composition can be made.
Table V-2 shows a taxonomic list of groups occurring more than
once during the study. Figures V-1 and V-2 present the seasonal
abundance patterns of the major zooplankton groups. In extracting
numerical abundance from Figure V-1, it was found that the total
holoplankton population at stations near the mouth of the Pamlico
River rangfd from 20-8,900 organisms/m® and averaged 4,340
organisms/m”. Calanoid copepods (primarily Acartia tonsg)
accounted for the bulk_of the numbers (range 3-6,700 organisms/m;
mean 3,107 organisms/m”).

Figure V-2 shows the data for other planktonic groups counted.
Polychaete larvae were moderately abundant through the study, with
numbers generally ranging from 100 to 150 organisms/m” from
September to April but dropping to low numbers in August. Rgggia
larvae were found to reach peak abundance (100 organisms/m~”) in
February and again in August. Barnacle and copepod nauplii were
combined into the same category, so it is not surprising that no
clear-cut seasonal trends could be seen: numbers range from 20 to
800 organisms/m” with a number of periods of peak abundance.
Cyclopoid copepods accounted for less than 10 percent of the total
numbers of zooplankters in any sample. The aforementioned
category was dominated by Oithona spp., although Ergasilus sp. was
enumerated separately due to the economic importance of the adult
female as a parasite on fish gills. Cladocerans (primarily Podon)
were relatively scarce through the year, but showed a period of
peak abundance in the winter.



TABLE V~2. Zooplankton found in Pamlico Estuary, North Carolina
(from Peters, 1968).

The following taxa occurred one or more times.

Protozoa Rhoefax -

Rotifera Synchaeta
Keratella

Filinia
Annelida Polychaeta
Mollusca Gastropoda

Pelecypoda
Rangia cuneata

Arthropoda Arachnida

Crustacea  Brachiopoda Cladocera
Daphnidae
Evadne
Podon
Ostracoda
Cirripedia
Balanus
Branchiura
Argulus
Copepoda Calanoida

Acartia tonsa
Eurytemora
Cyclopoida
Oithona
Ergasilus versicolor
Harpacticoida
Microsetella
Canuella
Malacostraca Isopoda
Aegathoa oculata
Amphipoda
Gammarus
Mysidacea
Decopoda Brachyura
Macrura
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The abundance data for the harpacticoid copepods were presented
separately (Table V-3) because the numbers were so erratic. It
was concluded that the harpacticoids were generally found in
greatest numbers in the night collections and mainly when the

wind/current speeds were high. At peak abundance, the
harpacticoids were seen to have over twice the highest density of
all other =zooplankton encountered during the study. Peters

concludes that further work 1s needed to better describe the
conditions under which harpacticoids appear and .the ecological
importance of these organisms to the plankton community.

Multiple regression techniques were employed to analyze data on
calanoid copepod abundance as related to environmental variables:
salinity, temperature, oxygen, turbidity, light intensity, and
food (as both phytoplankton and detritus). The analysis was
performed on data from zooplankton communities from two different
areas: at the mouth of the Pamlico Estuary, and at a station
approximately 16 nautical miles wupstream. In each case,
approximately 75 percent of the variation in calanoid
concentration could be explained by the measured variables, with
most of the variation being attributed to joint effects. The
single most important independent variable in the lower sections
of the river was temperature, while the concentration of dissolved
oxygen was Iimportant in the upstream area. The reader must be
cautioned, however, that no cause and effect interactions may be
attributed to these relationships. Ecological interpretation of
the regression equations cannot be made for a number of reasons:
samples at the upstream stations were only collected on two dates,
eliminating the possibility of random sampling of variables; no
estimate was made of the covariance of independent and dependent
variables with such factors as tidal, diurnal, or seasonal cycles;
and many of the independent environmental variables are not truly
independent of the concentration of copepods (e.g. dissolved
oxygen and food concentration).

Thayer, Hoss, Kjelson, Hettler and Lacroix (1974) studied the
numerical abundance, biomass, and caloric content of the
zooplankton community of the Newport River Estuary, North
Carolina, from 1970-1972, Biweekly samples were taken at three
stations within the estuary with a 30cm diameter #10 plankton net.
Table V-4 shows the taxonomic composition and the relative
abundance of the most common' zooplankters in the Newport River
Estuary. Copepods dominated the zooplankton community (81 percent
of the total), with Acartia tonsa, Oithona spp., Corycaeus spp.
and Centropages spp. contributing most of the numbers and the bulk
of the biomass.

Seasonal changes in the density, biomass and caloric content of
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TABLE V-3a. Average planktonic harpacticoid copepod abundance
over different substrates, during daylight and
dark, Pamlico River, North Carolina (from Peters,

1968).

. k] 3

Number/m Number/m

location Dats Daylight Dark Substrate

A 8/4/66 0 4 Mud
A 11/4/66 0 3 tad
A 12/16/66 0 1 Mud
A 1/3/67 1 97 tud
B 3/15/67 444 10,168 Mud
3 4/15/67 189 13,543 Mud
c 9/19/65 0 418 Sand
o 10/3/65 L 3 Sand
D 4/24/66 40 2,255 Sand
E 4/24/66 55 10,258 Sand
B 4/24/66 29 735 Mad
G 4/24/56 25 1,232 Mud

TABLE V-3b. Nocturnal planktonic harpacticoid copepod abundanc
and wind speed, Pamlico River, North Carolina
(from Peters, 1968).

Aind speed measured

miles/day 36 97 123 140

Wind speed estimated

ailes/day 50 80 100 120

Average number Qf

harpacticoids/m 1 3 3 6 4 418 13,543 3,841 10,168

e
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TABLE V-4.

Zooplankton Composition Newport Estuary, North Carolinﬂ

(adapted from Thayer et al., 1974).

% of Estimated Dry
Weight Biomass

% of Total
Dominant Forms: Numbers
Copepoda 81
Acartia tonsa 30
Oithona spp. 17
Corycaeus sppe. 14
Centropages spp. 6

Other Frequent Forms:

Copepoda

Temora spp.
Euterpina acutifrons

Copepod nauplii

Seasonally Abundant Forms:

Cirripedia
Polychaete

Ostracoda

Cladocerans

Sagitta spp

nauplii

larvae

Bivalve veligers
Gastropod veligers

Crab and Shrimp zoea

85
34
14
11
14
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the zooplankton community are shown in Figures V-3 and V-4. All
three parameters showed maximum values during early fall and again
in late winter. Similar patterns were seen in previous
zooplankton studies in the area (Williams, Murdock and Thomas,
1968; see also review by Roberts, 1974), but the magnitude of the
biomass was as much as double that reported by Williams et al.
(1968). Even during the course of the study, the average density
and biomass values varied drgstically: during 1970 the average
dens}ty was 4,000 organisms/m~ and the mean biomass was lémg dr

wt/m”, while duri 1971 the mean values were 8,400 organisms/m

and 2lmg dry wt/m”, Even though there 1s a relative dearth of
zooplankton in comparison to the standing crops found in deeper
coastal waters, Thayer et al. (1974) concluded that some years may
be much more productive than others.

A very significant aspect of the study by Thayer et al. (1974)
involves the influence of predation by larval fish on zooplankton
community composition and abundance. Channel nets were used to
collect the larval stages of fish entering the estuary in order to
determine months of peak migration (Table V-5) and to estimate the
standing crop of predators (Table V-6). Pinfish (Lagodon
rhomboides), spot (Leiostomus xanthurus) and menhaden (Brevoortia
tyrannus) represented 98 percent of all larval fish entering the
estuary from November 1969 to April 1970. The periods of peak
density of larval fish coincides with the decline in zooplankton
abundance (density, biomass, and caloric content), so it was
hypothesized that zooplankton abundance controls the survival of
larval fish and that predation by fish explain the apparently low
standing crop of zooplankton, particularly in spring. Thus, the
importance of the zooplankton community to the energy flow of
shallow water estuaries may be greatly underestimated if evaluated
in terms of standing crop alone, as was done by Williams et al.
(1968). The turnover rates, dynamic production and flux of energy
from the zooplankton community to higher trophic levels must be
examined to assess properly the role of the zooplankton community
in the ecosystem.

A study designed to observe the seasonal distribution of
zooplankton in Wrightsville Sound, North Carolina was conducted by
McCrary (1969). An intensive sampling effort (see general review,
Section 1.3) was carried out using a number of different size
plankton nets (130, 240 and 500 micron mesh) in order to observe
changes in the composition of the entire zooplankton community on
a day to day Dbasis. Although qualitative rather than
quantitative, the results of this study are quite important
because the intensity of the sampling effort and of the taxonomic
identification are unparalleled by any of the other studies
covered in this review. A species list can be assembled from the

V=14
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FIGURE V-3. Seasonal distribution of mean monthly zooplankton
abundance (solid line) and of dry weight biomass
(dotted line). (from Thayer et al., 1974).
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FIGURE V-4. Seasonal distribution of zooplankton energv per
unit dry weight (solid line) and of zooplankton
standing crop enerqgy (dotted line) (from
Thayer et al., 1974).
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TABLE V-5.

“onth

November 1969
December
January 1972
Fsbruary
March
April

Sum

Estimated number of larvae entering the Newport
River estuary during each month from November 1969-
April 1970 (from Thayer et al., 1974).

Lagodon

IR ol
e
O 00
N 1]

[ORC SIS BTN
.

A UL N L= W
S =
—
[ &)
)

N X
[
o

&
[
(@)
)

Leiostomus

[ e e le le)
.
® 3~ 0000

189.1 X lO:
.7 X 106
193.8 X 10

Brevoortia

OO A HONKrO
.
[N SIREN T e el

0o
B
-
o
1]

Otharl Sum
3 102 1.8 ¥ 10
5 % 10g 39.6 x L0/
1 x 107 20.1 x 10,
6 X 107  232.2 X 10/
7 X107  503.3 X 1o
s X 1og 28.7 x 10,
7 X 10 325.7 X 10

lIncludes #icropogon undulatus, Henidia menidia, Paralicathys sSpp., Anchoa mitcnilli,
Myrophis punctatus,Syngnatius spp. For other species commonly collected see lawis
and Wilkens (1971).

TABLE V-6.

Month
November 1969
Jecember
January 1270
Fepruary
March
April

vay

Lagodon

0.8 x 10°
0.95)
19.1 ¥ 10

1.14)
33.5 X 10
(1.99) .
126.0 % 10°
(7.50)
283.3 X 10
(16.86) .
175.4 ¥ 13°
(19.44) .
1.7 x 10°
(0.10)

Leiostomus

0.2
{0.00)
0.2
(0.900)
0.2
{0.20)
0.0
(0.00) 5

97.5 X 10
(5.81)

134.8 ¢ :2°
(68.02) .
3.3 2 18°
(0.20)

Breveorrtia

0.9
0.00) .
0.5 x 10°
0.03)
1.0 X 10
(0.06) ..
2.6 X 10°
0.15)
36.5 ¥ 12
@2an
55.5 X 10°
3.30)
14.2 % 10°
(0.83)

Mean cumulative abundance of larvae in the lower
estuary of the Newport River.
are larval densities per m
1974).

Values in parentheses
(from Thayer et al.,

Cthers Sum
0.1 % 10° 0.9 % 10°
.01 ©.
2.0 X 10 21.6 % 10
.12y a2
3.5 X 10 38.0 X 10
0.21) 2.3y
4.3 X 10 133.5 % 10
(0.29) (7.8)
5.0 % 10 422.4 % 12
(0.30) 35.1)
% 1e 367.0 X 10
0.08) (21.3) _
1.2 %10 29.9 7 19°
(0.786) (1.2)
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data in Tables V-7 through V-13. McCrary gives a brief literature
review of each of the major species identified and describes the
seasonal patterns of abundance in the plankton (see Section 2.2).
The nearly continuous observations of the zooplankton community
also allowed the identification and tracking of distinct water
masses characterized by different species composition. Three
holoplankton comminities were identified: a community found to be
living and maintaining populations within the Sound itself; a
group of organisms living in the "inner” coastal waters which were
brought through the inlet on flooding tides; and a third complex
of organisms that were only observed when unusual conditions
allowed an incursion of "outer” coastal waters. The Sound water
commmity included Acartia tomsa, Centropages hamatus, Corycaeus
americanus, Metis joussequmei, Oithona spp., Paracalanus parvus,
Paracalanus crassirostris, Pseudodiaptomus coronatus and
Saphirella sp. The community characteristic of the inner coastal
waters consisted of Centropages furcatus, Corycaeus amazonicus,
Eucalanus pileatus—subcrassus, Euterpina acutifrons, Labidocera
aestiva, Macrosetella gracilis, Oncaea venusta, and Temora
turbinata. Most of the species of the "outer” coastal waters were
not identified but several forms were recognized: Rhincalanus
sp., Anomalocera ornata, Fritillaria sp., salps and pteropods.

A fourth study of the zooplankton of a North Carolina estuary was
done by Copeland, Birkhead and Hodson (1974) in connection with a
baseline envirommental survey of the ecological communities of the
Cape Fear River Estuary prior to the construction of the Brunswick
nuclear power plant. Collections were made with a 30cm diameter
120 micron mesh net or a Gulf-V high-speed plankton net with a 400
micron mesh. Several distinct ecological zones were recognized
within the study area: tidal creek and nursery areas; estuarine
areas; the nearshore ocean area and the intracoastal waterway. A
number of stations were sampled in each =zone during January,
April, June, August, and October. The species composition,
approximate abundance, distribution, and seasonality of the
zooplankton community of the Cape Fear System are summarized in
Table V-14. The average abundance for all stations throughout the
year was 4,300 organisms/m~. Copepods comprised 70 percent of all
zooplankters collected and Acartia tonsa made up over 40 percent
of the total catch. Other categories of zooplankton that were
relatively abundant included: Paracalanus crassirostris, calanoid
copepodites, barnacle nauplii, copepod nauplii, Oithona sp., crab
zoea, barnacle cyprids, gastropod veligers, Oikopleura sp.,
Euterpina acutifrons, Pseudodiaptomus coronatus, shrimp nauplii,
bivalve veligers, harpacticoid copepods and Centropages hamatus.
Most of the dominant forms were widespread in distribution and
occurred year-round. Seasonal trends were obscured, however, by
the fact that different types of gear (120 and 400 micron mesh
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TABLE V-7.

The seasonal occurrence of

ville Sound (from McCrary,

hydromedusae in Wrights-
1969).

Obelia Spp. ¢« v v vr it ciennn...
Persa incolorata
Nemopsis bachei- - .-
Ectopleura dumortieri-- ...
Proboscidactyla ornata
Euphysora gracilis. - .
Eucheilota duodecimalis-- - - .
Butima mira- .- .- .. .. . ...
Bougainvillia ramosa-- - - -
Liriope tetraphylla---.- .. ..
Podocoryne minuta-. .. . ...
Phialidium sp.--- . -

.............

......

Podocoryne sp.- - - - - - o o-n

Sarsia sp.-: -
Zanclea costata-- - EEETE
Amphinema SPev v s v e e e e
Bougainvilliidae - - - - -
Eucheilota sp. -- - - - - - ... .
Dipurena strangulata - . .- - -
Laodicea sp.- - -

Podocoryne minima- - - -
Turritopsis nutricula- .- .. .-

Eucheilota ventricularis. . ---

Lizzia blondina..... . ......

Pennaria tiarella- - - .« . ...

Phialidium folleatum
Phialidium lanquidum.......
lovenellidae- - ce e
Linvillea agassizi. - . ... ..
Pandeidae - -
Eirene pyramidali
Cunina sp.- -
Bougainvillia caroli
Narcomedusa-- - - - -
Cunina octonaria- .
Margelopsis gibbesi -
Amphinema rugosa .
Unidentified medusae- - -

nensis-. .

JFMAMJJASOND
IAXXXXXXXXXXX
XXXXXXX X
XXX XXX XX
X X X X X
XX XX XXX XX
X X X XX X X
X XX XX X
X XX
X XX XXX X
XXXXXXXXXX
X
XXXXX XXX
XXX
XXXX X
XXX
XXXXXXXX
XXXXXXXX
X XX X X X
XX
X
X XX
XXXXXXX
X X
X
X XXX
X
XX
XXX
X X
X
X X X
X
. X
X X
X X
1 X X
XX XXX XXXXXX
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TABLE V-8. The seasonal distribution of the larvae of minor
groups. X indicates peak abundance (from
McCrary, 1969).

JFMAMJJASOND
Aurelia ephyrae...-. ... X XXX
Alcyonarian planulae--- - XXXX
Actinian planulae--- .- | T X XXX XXXXXZX
Arachnactis- - -+ ---.-- XXXXXX
Polyclad larvae -- .- ... X XX XXxXxXXXX
Pilidium brachiatum- - -- XXXXXXX
Pilidium recurvatum- --- XX X
Pilidia---- . -- -- - . - | TXXXXXXXXXZXZX
loxosomatid larvae- - ---| X XxxXXxxZ%X
Bugula neritina- .- -- - XXXXXX X
Cyphonautes - - - - - - XXXXXXXXXZTXX
Gray cyphonautes- - - --{ X X X X
Actinotrocha- - - - ---{ T XXXXXxXxx xZTX
Glottidia - - . --- -+ +-- 4 X XXXX X
Echiuroid larvae - ----| X X X _ X
Sipunculid larvae-- - -- X XXX
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TABLE V=-9.
ville Sound.
McCrary,

1969)

Seasonal occurrence of annelid
Z indicates peak

abundance (from

(N
o]
=
b
2

(N
(N
>
)
(o]
z
o

Polydora-- -- - -« - .- .

3colelegis-- Ce e

Magelona - - . .. .
Sabellaria -

Mitraria S e
Polygordius- - - - - - - -
Polynoidae . e e e e
Nephtyidae - - - . .
Spiophanes - .
Glyceridae - - - - - - - -
Typhloscolecidae - - - - - -
Nereis- .- - . . .. . .
Capitellidae - - -
Terebellidae- -- - . - . .
Phyllodocidae - - - .. - -
Chaetopterus
Pectinariidae -
Syllidae -
Streblospio -
Eunicidae - . . . . . ..
Poecilochaetus
Prinonospio -
Hesionidae - - -
Chrysopetalidae -
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TABLE V-10.

Seasonal occurrence

X indicates peak of

1969).

of cladocera and ostracoda.

abundance (from McCrary,

Evadne tergestina- - - -

Penilia avirostris:. - - .-
Podon leuckarti -
Podon polyphemoides - - - -
Conchoeciid ostracod:- -- -

JFMAMJIJASOND
TXXXXX
XXX XxXXX
X
EXXxXZTXX X X
X X X XX X
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TABLE V-11. The seasonal occurrence of copepods (from McCrary,
1969).

(&
e}
=
b=
=
o
(&
4
n
(o]
]
o

Acartia tonsa«- - - - - - - -
Corycaeus americanus- - - - -- -
Euterpina acutifrons--..-- .
Paracalanus parvus-- - -
Paracalanus crassirostris- - -
Pseudodiaptomus coronatus- - -
Oithona Spp.- - + - - + =« « = =+«
Metis jousseaumei - - - - - .. -.
Labidocera aestiva - - -
Eucalanus - - - - - - -+ - .-
Temora turbinata- - - - .- - .
Centropages typicus - - - - - ..
Saphirella sp.- - - -
Caligoids - .-
Centropages hamatus - -- - - - .
Anomalocera ornata - - - - - - - -
Monstrilloids- - - - . . .. .. XXX XX
Macrosetella gracilis - - -- - - X X XXX
Oncaea venusta - - - - . . . ... XX X X
Calanopia Sp.- - - - + « ... . X X
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TABLE V-12. The seasonal occurrence of malacostracan crustacea
(from McCrary, 19269).

JFMAM

(N
<
ol
7))
o
Z
o

Sguilla................

Epicarid isopods -

Acetes americanus - -

Lucifer faxoni - - - - .. . .. ..
Sergestid protozoea - - - - . - - - -
Peneid and Sergestid nauplii- - -
Peneid protozoea .. - - . - - . . ..
Peneid larvae and post-larvae- - - X X
Alpheidae - - - - . X
Hippolysmata wurdemann1 - -
Hippolyte sp.- - - - . . ... . .. X
lLatreutes sp.- - - - - . .. .. oL X
Tozeuma carolinense - - - . . . ..
Palaemonetes sp.- - .- . . ... .. X X
Periclimenes sp.-- - - - . - . . .. X
Callianassa sp. - - - - - - -
Maushonia sp. - - - - - - . - -.
Upogebia affinis- - - - . . ... .. X
Polyonyx gibbesi - - - . . - . .. X
Clibanarius vittatus - - e e
Pagurid zoea- - - - - . . ..l X XXX
Pagurid glaucotﬁoe I XXX
Emerita talpoida- .. . . . ... .
Callinectes megalops. . . - .. - - /X X X X
Cancridae (megalops]- -
Panopeus herbstii.- - - . . . ...
Eurypanopeus depressus-
Neopanope texana . ..
Rhithropanopeus harrlsll-
Xanthidae - . . . . . . . .
Pinnotheres ostreunm -
Pinnotheres maculatus -

Pinnixa chaetopterana-- . . . . - ‘
Pinnixa sayana - - - -- - .. -.-J/X XX

Uca spp. - - -
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TABLE V-13.

tochordate larvae.

(from McCrary, 1969)

The seasonal occurrence of echinoderm and pro-
¥ indicates peak of abundance.

Asterias bipinnaria .... . ...

Asterias brachiolaria- - - .

‘Arbacia punctulata. . . .. .

Lytechinus variegatus - -

Mellita gquingquiesperforata. -

Moira atropos- -

Ophiothrix angulata - -

Ophiopluteus- - - . . . . ...
Leptosynapta- - - - - ... . ...

Cucumaria sp.: -

Balanoglossus tornaria - - - - -

Ascidian larvae- . - - -

Ascidia interrupta- - - -

Amphioxus

FMAM N
EXXXXXXXXXX
-{ XXX XX X
i XXXXXXX
XX X X
REEX X x
xx EXEXEXE
K XEEXE
XX XXXX
XXX XEEx
XXXXXXKX
XXXXXXXXXXXX
XXXXXXXXXXXKX
XXXXXXXX X
XX XXX X
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An annotated list of the zooplankton taxa collected

in the Cape Fear River Estuary, and environs, and
the adjacent nearshore ocean (from Copeland et al.,

TABLE V-14.
1974).
Taxa*
Srotozoa
Rhizopoda
Foraminifera
iidaria
Hydromedusae
Chaetognaths
Arthropoda
Arachnida
dydracarina
Crustacea
Cladocera A
Sosminidae
dosmina
Chydoridae
chydozrus
Japhnia
Ceriodaphnia
Polyphemidae
Evadne sp.
Poden
sididae
Panilia
Qstracoda
Conchoecia
otodranus
Calanocida
Acartiidae
Acartia tonsa
Diastomidae

Pseudodiaptomus soronatus

Sucalaridae

Zucalanus

Cantrocagidae
Centropages furcatus
Centzooages hamacus
Centropaces typicu.
Jantropaces sSp.
centropages copecodites

Copepod rauplii

Calanoid copesoditas

Paracalanidae
Jaracalanus

srassirsstris

Paracalanus

2arvis

Approx loqlo
Abundance

w

~ w ~

W N Wt

Zone

Estuary,Nursery

‘Widespread
Ocean

Widespread

Nursery

llursery,Lstuary

Nursery
fstuary

Ocean,Estuary
Nursery,Ocean

Widespread
Ocean
Nurserzv
Nidespread
Nidespread
Nursery,Ocean
Ocean
Jcean,stuary
Qcean

Estuary,Ocean
Zstuary,Ocean

Tidespraad
Zstuary,lcean

Season

Summar,fall, inter
Summer,Fall,linter
All Year
All Year
“inter
Fall,Vinter
Jinter
Fall

Summer
Winter,3pring

Surmer,fall,Winter

All Year
Sumer
Samer
3pring
Summer

3pring, Sumer
Summer,iinter

ALl Year
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TABLE V-14 Cont.

Taxa®*

Tachidiidae
Tachidus

Temoridae
Eurytemora nerdmani
Zurytemora sp.

Temora stylifera
femora sty_lléeca
Temora turbinaca

Temora cobepodites
Cyclopoid A
Cyclopoid B3
Cyclopoid €
Cyclopoid copepodites
Clausidiidae
Saphirella
Corycaesidae
Corycaecus
Cyclopidae
Halycyclops
O'arcythormpsoniidae
dorsiella brevicornis

Oithonidae

Cithona
Oncaeidae

Oncaea

Harpacticcid copepods

Ameoridae

Jitroca typica
Cletodidas

vannopus galustris
_aophont:idae

Lacgohonte

Paronychocamptus
Tachidiidae

Zuternina acutifrons

Isopcda
Tpicaridian isopod larvae
Idoteidae
Zhiridotea
Edotea
Amphipoda
Gammaridea
Jarmarus
Mysidacea
Barnacle nauplii
3arnacle cygris
“Malacostrizan larvae
Zucaridian larvae zoea
Jecapeda
Shrimp nauplii
‘‘acruza larvae

Approx log
Abundance

NOO O NWNNE o

w

N

[N -0

w

(SR N E OV N R S o ~

w

10

Zone

Nursery

Nursery
Estuary,liursery
Estuary,Ocean
Estuary,Ocean
Nursery
Nursery
Nursary
sNursery
Estuary,Ocean

Widespread

Estuary,Ocean

Season

“intar

Winter
Sumer
Summar,Fall
rall
Fall
Winter
Winter
Winter
Summer,dinter

All Year

All Year

Nursaery,Estuary Summer,fall,Wincer

Nursery
Widespread

Widespread
Widespread

Nursery

Nursary
Nursery

Nursery,Sstuary
lursery,C3tuary

Widespread
Nursery,Istuary

Nursery
Nursery
Nurservy
Lursery
lursery,cstuary
Estuary
Yidespread
Widespread
Ccean
Ocean

didespread
Oc2an

Winter
All Year

All Year

Sumner,fall, ¥intsr

Ainter

inter
Tinzar

Aincar
Summer,Winter

All Year

Summer,Fall
Surmer
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TABLE V-14 Cont.

Taxa*
shriop post-larvae
Crangonidae post-larvae
Czab zoea

Cyphonautes larvae

Mollusca

Gastropod veliger A
Gastropod veliger B
Gastropod veliger C
3ivalve veliqer
Gastroped valiger D
Gastropod veliger £
Gastropod veliger F
annelid trochophore larvae
Polychaetae larvae
Spioniform larvae
Oweniida
Mitzaria larvae
Phyllodocida
Nereidae
Jereis
Zchinodermacta
Stelleroidea
3ipinnaria larvae
Johicplutaus
Chardata
larvacea
Copelata
Oikoplenridae
Qikoelesura
Incidentals
Invertebrate eggs
Pish eqgs

Fanmily
senus species

Approx loqlo
Abundancs

[SIE SN ol N

WHRRMNRNDNNWD W

Zstuary
Ocean
Widespread
Estuary,Ocean

Widespread
Estuary,Ocean
Ocean
Aidespread
Tstuary
Tstuary
Estuary
Egtuary,dcean
7lidespread
Widespread

Ocean

Hursery

Ocean

Ocean

Widespread

Widespread
idespread

Season

Sumnmer

Summer
Spring, Summer
Summer,Fall,dinter

Spring,Summer,Fall
Spring, Summer
Summe r
All “Zear
Tall
Fall
Fall
All Year
All Year
All Zear

Jummer
Surmer
Jinter

Summer,Tall

ALl 7Zear

Sumrmer
3priang, Summer
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nets) were used at different times throughout the study.

Shannon-Weiner diversity indices were calculated for each of the
ecological zones (Table V-15). Diversity and numerical abundance
of the zooplankton communities were inversely related: nursery
and estuarine zooplankton areas were low in diversity but high in
abundance; while at the other end of the spectrum, oceanic
plankton was more diverse but lower in density.

The only published study that 1is available to date on the
composition of zooplankton communities in South Carolina estuaries
is reported by Lonsdale and Coull (1977). The investigators took
biweekly collections with a 30cm diameter #10 plankton net at four
stations in the vicinity of North Inlet, South Carolina. he mean
density of zooplankton _was found to be 9,234 organisms/m~ (range
377-84,414 organisms/m3) and the_ average biomass was l6mg dry
wt/m”> (range 0.64-140mg dry wt/m3). Peak periods of abundance
were found during the summer months. The zooplankton community
composition and relative abundance data have been extracted from
the text and are presented in Table V-16. Copepods dominated the
zooplankton community, representing 69 percent of total numbers
and 67 percent of the biomass. Parvocalanus crassirostris
(Paracalanus crassirostris) and Oithona colcarva (0. brevicornis)
were the numerically dominant forms, but were outweighed in terms
of biomass by the much larger Acartia tonsa. Unlike more
temperate estuaries, Lonsdale and Coull found that the North Inlet
zooplankton community had a major meroplankton component in terms
of density and biomass.

Shannon-Weiner diversity (Hl) and evenness (J) indices were
calculated for each station on each sampling data. The average
value for H! was 1.32 + 0.32 (ranging 0.43-2.11) and for J was
0.64 + 0.13 (ranging 0.27-0.87). These values were seen to be
camparable to those calculated for the zooplankton communities
from temperate estuaries in Maryland and New Jersey. The general
species composition and seasonal patterns of the =zooplankton,
however, were believed to be more like those found for communities
in subtropical estuaries on the Gulf Coast of Florida than those
reported for the more northern systems.

Stickney and Knowles (1975) conducted a zooplankton distribution
survey at two estuarine stations near Savannah, Georgia. The
zooplankton was collected at two hour intervals from various
depths in the water column with Van Dorm bottles for a period of
11 consecutive days. Acartia tonsa was the dominant species
collected, with Euterpina acutifrons, Oithona sp. and an
unidentified harpacticoid also exhibiting numerical abundance.
Avoidance of the bottles by larger zooplankters (Neomysis

V=27



8C-A

TABLE V-15. Total catch zooplankton diversity by ecological

zones, 1971-72. (from Copeland et al., 1974).

Zone Stations Species Diversity
Nursery 3 1.9
7,8,15 2.0
9,10 2.2
Estuary 1,2,5,6 2.1
IWW 11 2.2
Ocean 12,13,14,21 2.5




TABLE V-16. Zooplankton community composition North Inlet, S. C.
(adapted from Lonsdale and Coull, 1977)

% of Total % of Estimated

Dominant Forms: Numbers Dry Weight Biomas
Holoplankton
Copepoda 69 . 67
Parvocalanus crassirostris» 16 13
Acartia tonsa 7 20
Oithona colcarva 6 6
Euterpina acutifrons 1.8 2.8
Tunicata 2.2 2.6
Oikopleura sp. 0.4 2.6
Chaetognatha 0.4 2.6
Meroplankton
Cirripedia nauplii 13 7.6
Polychaete larvae 3.6 3.5
Bivalve veligers 3.5 1.2
Gastropod veligers 1.8 0.6
Crab and shrimp zoea 2.3 8.6
Other Frequent Forms:
Copepoda
Saphirella sp.
Oncaea venusta
Pseudodiaptomus coronatus
Seasonally Abundant Forms:
Copepoda
Temora turbinata Centropages typicus
Corycaeus sp. Centropages hamatus

Labidocera aestiva
Paracyclopina sp.
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americana, Pseudodipatomus coronatus and adult Acartia tonsa) was
stongly suspected, so the samples were not considered completely
quantitative. The mean density at the two stations were 51.8
organisms/l_ (51,800 organisms/m”) and 47.2 organisms/l (47,200
organisms/m”); so even with the loss of larger organisms due to
avoidance, the numerical abundance was quite high. These data may
indicate that the zooplankton communities in Georgila estuaries
have much higher densities than those found in other studies, but
a more likely explanation is that a sampling method that does not
employ a net collects the abundant microzooplankton that are not
generally considered in most zooplankton survey work. Even though
the results of this study cannot be considered quantitatively
comparable to findings already reviewed, they did allow a relative
comparison of numerical trends through diurnal and tidal cycles to
define clearly the distributional patterns of the zooplankton.
Distribution polygon analysis was performed to determine the
temporal and spatial distribution patterns for the major groups of
the zooplankton community (see Section 2.2).

In comparing the abundance, composition, and general community
structure of the zooplankton in each of the areas studied, it is
clear that similar commmunities exist in most of the estuaries.
Mean annual numerical _abundance was similar for all studies:
4,000-8,400_ organisms/m” from the Newport River Estuary; 4,340
organisms/m (holoplankton) from the Pamlico Estuary; 4,300
organisms/m”® for Cape Fear River Estuary; and 9,234 organisms/m
for North Inlet, South Carolina. Copepods dominate the
zooplankton communities from all areas, representing 69 percent
(North Inlet, South Carolina) to 8l percent (Newport River, North
Carolina) of the total numbers. Acartia tomsa was the dominant
zooplankter in most systems, with Oithona spp., Parvocalanus

crassirostris (Paracalanus crassirostris), Euterpina acutifrons,
Centropages spp., Corycaeus spp. and Pseudodiaptomus coronatus

showing numerical abundance. Harpacticoid copepods were seen to
be numerically significant in the studies that included night
collections (Peters, 1968; Stickey and Knowles, 1975).

Recognizing the overall similarity between the zooplankton
examined in each area, several contrasts can be made between
certain of the communities. The zooplankton from the Newport
River Estuary, North Carolina (Thayer et al., 1974) and the North
Inlet, South Carolina (Lonsdale and Coull, 1977); were somewhat
different in relative composition. The North Inlet zooplankton
community was numerically dominated by small copepods
(Parvocalanus crassirostris and Oithona sp.) and had a large
meroplankton component (primarily barnacle larvae, mollusc
veligers and crab zoea). The Newport River Estuary zooplankton
had relatively more of the larger holoplankton (Acartia tonsa,
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Centropages spp., Temora spp.) and fewer of the small
meroplankton. These differences may be attributed to different
predation patterns observed in the two areas. Thayer et al.
(1974) observed that the immigration of larval fish into the
estuary in the spring appeared to cause the nature of the
zooplankton community to change. The average size and caloric
content of the zooplankton decreased and the large holoplankter
species known to be the principal prey of fish larvae declined in
biomass during the spring. The larval fish in the North Inlet,
South Carolina system were shown to be present year round, giving
a competitive advantage to smaller copepods and meroplankton which
were not subjected to as much predation pressure as the larger
forms (Lonsdale and Coull, 1977). Therefore, trophic
relationships may have caused the observed differences in
zooplankton community composition: small forms dominating year
round in the South Carolina estuary while the large forms are
numerically important to the standing crop of the North Carolina
system except during a few months in the spring.

Another apparent difference between the zooplankton communities of
the estuaries studied involves the diversity indices calculated
for the Cape Fear River Estuary, North Carolina (Copeland et al.,
1974) and the North Inlet, South Carolina system (Lonsdale and
Coull, 1977). The Cape Fear =zooplankton exhibited higher
diversity indices than those calculated for the North Inlet
community. In fact, the diversity indices for the Cape Fear
zooplankton were believed to be underestimated because of the
combination of many unidentified taxa into a few taxonomic
categories. Although 1lower in diversity than the Cape Fear
community, the North 1Inlet =zooplankton was shown to exhibit
similar diversity values to those found for other temperate
estuaries (Lonsdale and Coull, 1977). The apparent differences
between these two communities may be explained by differences in
the hydrographic characteristics of the systems. The Cape Fear
system has a much higher flushing rate than the North Inlet
system, and would therefore be expected to have a larger component
of the more diverse coastal communities introduced by tidal
action. An examination of the data shows that many of the species
identified by McCrary (1969) as being coastal species (e.g.
Euterpina acutifrons, Oncaea sp., Temora turbinata, and Eucalanus
sp.) were found in abundance in the estuary and nursery zones of
the Cape Fear River system. Diversity in the Cape Fear system did
decrease, however, along the gradient from the open ocean, through
the estuary, to the nursery zone, so it appears that the mixing is
not complete or that the full complement of introduced species
cannot survive the estuarine conditions.
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In conclusion, it is apparent that all of the estuaries that have
been studied in the southeastern U. S. have similar zooplankton
communities with minor differences possibly being attributable to
local differences in the physical or biological environment.

2.1.2 Coastal Waters

A very limited amount of research has been done on coastal
zooplankton. No surveys of the composition and distribution of
entire zooplankton communities could be found for the period since
1973. Most of the studies that have been done in coastal waters
concentrate only on certain specific components of the total
zooplankton community.

Dudley and Judy (1971) examined the distribution and abundance of
crab larvae at 13 stations near Beaufort, North Carolina. Clarke-
Bumpus plankton samplers with 526 micron mesh netting were used -
for biweekly collections from May through November. Tables V-17,
V-18 and V-19 show the abundance, vertical distribution, and
seasonality of 27 types of crab larvae observed during the study.
Blue crab (Callinectes sapidus) larvae dominated almost all of the
counts and all species showed peak abundance during the summer and
early fall months. Vertical, horizontal, and temporal patterns of
the major species will be analyzed in Section 2.2.

Investigators from the Middle Atlantic Coastal Fisheries Center
Sandy Hook Laboratory conducted a two year survey of the larval
fish on the continental shelf between southern New England and
Florida. The first year study involved collections in the coastal
waters from Cape Cod, Massachusetts to Cape Lookout, North
Carolina, while the research conducted during the second year
extended sampling from New River, North Carolina to Palm Beach,
Florida. Smith, Sibunka and Wells (1975) reported on the seasonal
distribution of larval flat fishes in the northern study area.
Table V-20 indicates the distribution and period of peak abundance
for those species with a range extending to the south of Cape
Hatteras, North Carolina. ©Pleuronectids spawned largely to the
north of the inventory area while bothids, cynoglossids and the
Soleidae originated in the coastal waters to the south of Cape
Hatteras. The spawning that began in the spring proceeded from
south to north while that observed in the fall proceeded from
north to south. It was therefore speculated that spawning was
triggered by spring warming and fall cooling. It was also
observed that most species only spawned within a narrow range of
temperature but breeding activities apparently were not influenced
by salinity.
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TABLE V-17. Mean number of larval crabs per 20 cubic meters of water collected from May
through November 1962 at inshore stations (from Dudley and Judy, 1971).

Species May June July Aug. Sept. oct. Nov.
Depth
lm Bm lm Bm 1m 8m im 8m 1lm 8m lm 8m 1m 8m

Callinectes spp.

Stage 1 81 62 430 287 303 243 88 80 46 23 50 50 2 -
Stage 2 - - -- - 20 - 2 4 5 - 5 4 - -
Stage 3 - - - - - - - —— - - - - - -
Stage 4 - - - - - - - — - - - - -— -
Stage 5 - - - - - - - -— - - - - - -
Dissodactylus mellitae 4 4 - 2 1 6 - 8 2 4 2 6 ‘- -
Emerita talpoida 10 8 4 2 2 21 3 19 2 3 - - - -
Eurypanopeus depressus - - 14 46 4 7 13 24 ~- - 4 - - -
Hepatus epheliticus - - 10 4 64 13 5 2 40 7 5 7 - -
leucosiidae - - - 19 48 14 3 26 7 15 6 - - -
Libinia spp. - 2 - - - 3 - 2 - - - - - -
Menippe mercenaria - - 10 7 6 10 7 20 -- - - - - -
Neopanope texana sayi 12 41 34 285 13 36 16 69 27 19 - 2 - 2
Pachygrapsus transversus —- - 28 - - - - - - - 3 8 - -
Panopeus herbstii 8 20 27 106 10 65 23 133 2 2 2 -— 50 38
Pilumus spp. - —-- - 2 1 7 5 1 4 - - - -— -
Pinnixa spp. 49 39 39 206 9 a8 40 272 100 71 % 367 - -
Pinnotheres maculatus - 2 — 2 4 5 8 20 16 - 4 13 - -
Pinnotheres ostreum -- - - 7 - 1 5 8 4 7 - 5 - -—
Polyonyx gibbesi 5 3 3 18 12 48 - 2 8 6 15 14 3 13
Portunus gibbesii 116 44 23 114 122 20 24 i1 4 -- -— - 2
Portunus sayi 13 8 - 11 - - - -~ 30 6 9 5 15 18
Sesarma spp. - —— 2 78 3 17 8 106 -- - - - - -

Uca spp. 40 60 657 1,347 459 70 515 792 31 20 - - - --
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TABLE V-17, cont.

Species

Unknown  zoeae

Unknown

Megalops:
Callinectes spp.
Eurypanopeus spp.
Neopanope spp.
Panopeus spp.
Uca spp.

1 R
Zocae raised from known

May June
lin 8m lm 8m
AS -~ Al4 A7
- - L8 D3
- —— - 2
- — 1 3 -

July

Aug
Depth

1m

AS
D2

8m

Im

AlO C32

p3

D5

Sept.

8m

clé
D2

Oct.,
1m Bm
Cc4 Cc52
D7 D2

2 3
- 2

crab, unpublished data Duke University Marine lLaboratory, Beaufort, N. C.

2Zo«:ae raised from known crab, unpublished data National Marine Fisheries Service, Beaufort, N. C.

3 .
The letters represent the larvae type, the number accompanying the letter is the mean number of crabs

type in the sample.
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TABLE V-18. Mean number of larval crabs per 20 cubic meters of water collected from May
through November 1962 at offshore stations (from Dudley and Judy, 1971).

Species May June July Aug. Sept. Oct. Nov,

v

im 8m im B8m 1m am Im Bm 1lm Bm lm Bm lm 8m

Callinectes spp. - - - - - - - - —- - - - - -~ 6, 21
Stage 1 97 493 525 1,061 3,955 879 595 257 26 50 56 76 - -
Stage 2 - - 43 91 64 17 124 21 - - 10 4 4 -
Stage 3 - -— - 4 2 — 14 - - -— - -~ 4 -
Staye 4 — - - - - - - — - - - - - -
Stage § _— -— - - —— - - -— - - - - 2 -

Digssodactylus mellitae -- - - - 10 2 3 10 2 2 -— 7 -- -

Emerita talpoida 4 20 - 4 5 11 - 99 2 2 - 3 - --

Eurypanopeus depressus -— 9 4 14 2 10 - 5 - 2 o2 3 - -

Hepatus epheliticus - - 4 8 157 17 109 29 51 18 11 7 2 -

Ieucosiidae - - 11 27 71 29 19 39 2 - 2 13 2 6

Libinia spp. - - - -— - 2 - - - w— - - - -

Menippe mercenaria - - 4 23 8 2 13 3 - - - - -— -

Neopanope texana sayi 10 27 70 130 16 45 11 40 5 - - S - 2

Pachygrapsus transversus - - 4 - - - - - - - - - - -

Panopeus herbstii 5 14 i8 63 5 33 23 48 -- 5 - - - -

Pilumus spp. - - - 8 - 5 3 2} -- - - -— - -

Pinnixa spp. 48 92 26 48 11 19 23 199 44 107 80 730 68 175

Pinnotheres maculatus - - - - - - - 5 -- 9 5 7 2 -

Pinnotheres ostreum - - - - 3 - -— 4 - 5 - 7 - -

Polyonyx gibbesi -- 3 - 4 16 3 - 15 2 9 5 30 6 29

Portunus gibbesii 242 20 58 88 292 37 156 38 28 5 12 5 - 2

Portunus sayi 68 54 - - - - - - 12 2 13 4 24 56

Sesarma spp. - - 63 10 - 5 5 13 - 3 - —— - -

Uca spp. 56 185 857 372 444 239 448 223 7 14 - - - -
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TABLE V-18, cont.

Species

3
Unknown zoeae

3
Unknown

Megalops:
Callinectes spp.
Eurypanopeus spp.
Neopanope spp.

Panopeus spp.
Uca spp.

1Zoeae raised from known

im

A6
D9

Bm

lm

D7
A7

June

8m

B2

1m

A2
F9

July

8m

F3
B2

Aug.

Depth

Im

AS
D5

. 8m 1m

C22 C26

B3
D5

D5

Sept.

Bm

cl

cral, unpublished data Duke University Marine Laboratory, Beaufort, N. C.

2Zoeae raised from known crab, unpublished data National Marine Fisheries Service, Beaufort, N. C.

3'I‘he letters represent the larvae type, the number accompanying the letter is the mean number of crabs of that

type in the sample.




TABLE V-19.

Mean number of larval crabs per 20 cubic meters of water collected

through November 1962 at stations furthest from shore (from Dudley

sPecies

Callinectes

Stage 1

Stage 2

Stage 3

Stage 4

Stage 5
Dissodactylus mellitae
Emerita talpoida
Eurypanopeus depressus
Hepatus epheliticus
Leucosiidae
Libinia spp.
Menippe mercenaria
Neopanope texana sayi
Pachygrapsus transversus

Panopeus herbstii
Pilumus spp.

Pinnixa spp.
Pinnotheres maculatus
Pinnotheres ostreum
Polyonyx gibbesi
Portunus gibbesii
Portunus sayi

Sesarma Spp.

Uca spp-

May

-

-

-

-

-

June

1m

July Aug.

Depth
Bm im Bm
586 1,283 810
28 755 126
- 345 165
- - 35
- - 9
63 17 -
20 - -
9 70 7
41 26 15
15 - -
12 - 17
- -— 27
[ - .
85 634 51
- 61 -
199 22 14

1m

Sept.

8m

10

Oct.

Im 8m
- 53
14 -
- 6
- 13
19 520
. 6
- 7
- 13
34 26
169 104

Nov.
im 8m
- 12
- 5
5 -
7 207
11 -
- 32
35 73

from May
and Judy, 1971
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TABLE V-19, cont.

Specles

Unkuown3

Megalops:
Callinectes spp.
Eurypanopeus spp.
Neopanope spp.

Penopeus spp.
Uca spp.

1
Zoeae ralsed from known

zZoeae raised fron known

May June July Aug. Sept. Oct.

Depth
lm Bm Im 8in 1m 8m Im 8m 1m 8m Im 8m lm
- - - -- -~ AlO - B4 -- D4 -~ D14 D5
— . - -— - - - 9 - -— . -— 7
- — - 8 - - - —— - — — - -
- _— -— 8 -_— — - — - _— -— — -
—_— - - - - - -— -~ - - - 6 -
— - -— _— - - - q - 30 - 12 -

crab, unpublished data Duke University Marine Laboratory, Beaufort, N. C.
crab, unpublished data National Marine Fisheries Service, Beaufort, N, C.

3
The letters represent the larvae type, the number accompanying the letter is the mean number of crabs

type in the sample.

of

that
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TABLE V-20,

Distribution and period of peak larval abundance for flatfish

1965-1966 (Adapted from Smith et al., 1975).

Species

Ancylopsetta quadrocellata Gill
Bothus spp.

Citharichthys arctifrons Goode

Cyclopsetgg fimbriata (Goode & Bean)

Etropus microstomus (Gill)

Hippoglossina dolonga (Mitchell}

Monolene sessilicauda Goode

Paralichthys dentatus (Linnaeus)

Scopthalmus aquosus (Mitchell)

Syacium papillosum (Lonnacus}

Gymnachirus melas MNichols

§mehur35 spp.

Common Name

Ocellated flounder

Gulf Stream flounder

Spotfin flounder

Smallmouth flounder

Fourspot flounder

Deepwater flounder

Summer flounder

Windowpane flounder

Dusky flounder

Naked sole

Tongue fishes

Distribution
North -- Fla. and
into Gulf of Mexico

Center of abundance: Cape
Hatteras~Cape Lookout

Georges Bank -- Charleston,
S. C. & Southward along both
coasts of Fla., & Yucatan,
Mexico.

N. Carolina -- Gulf of Mexico
& Caribbean coast of Central
& South America

New England -~ Fla.

Georges Bank -- Cape
Hatteras - 1° and some
-~ Fla.

New England -- Fla.

Maine -- Fla. but 1° Cape
Cod to S. C.

Eastern seaboard

Maine -~ Fla. '

(N. Carolina -~ Fla.)
Southeast U.S. Atlantic
coast

Mass. -- Fla.

Cape Hatteras -+ Fla.

collected during

Period of larval
Peak Abundance

Nov.-Dec.

. May-June &
Sept.-Dec.

Aug.-Oct.

1° - Sept.-Oct.
2° May

1° Aug.
2° Sept.-bDec,

1° Aug.
2° Sept.-Dhec.

Impigrants
(June)

1° Sept.-Oct.
2° Dec.

Dec.

1°® Sept.-Dec.
2° May

May-Oct.

May+~HNov.
May & Aug.




Fahay (1975) presented an annotated list of larval fish caught in
the South Atlantic Bight during the second year of the study.
Table V-21 gives a summary of the abundance and seasonality of the
larval fish taken during the investigation. The distributional
trends observed indicated that Anchoa mitchilli was an obvious
inshore species and that istiophorids and exocoetids were offshore
species. Histrio histrio and the flying fishes were found
primarily in the Gulf Stream. A number of other species
apparently spawned offshore and the larvae migrated toward inshore
nurseries. Much of the ichthyoplankton, however, utilized
floating Sargassum mats in the shelf and Gulf Stream waters as
nursery areas. A general observation was made that schooling of
the larvae was only apparent in very few species (anchovies, -
silversides, scads and butterfish) and it was speculated that the
protective value of schooling is less necessary in surface waters
where weed or debris are available for cover.

Wells and Gray (1960) examined the transport of Mytilus edulis
larvae around Cape Hatteras, North Carolina. The investigators
noted that Cape Hatteras represents a zoogeographic barrier for
this species since neither adults nor larvae can survive the warm
summer water temperatures to the south of this area. The barrier
is occasionally breached, however, as Virginian coastal waters
driven by northeasterly winter storms carry the mussel larvae to
the North Carolina coast. The anomalous larval forms then settle
and grow, but ultimately succumb to the subsequent warm summer
temperatures. Such seasonal occurrences on the North Carolina
coast were correlated to the severity of northeast storms
occurring in the area during the previous fall and winter months.
It was speculated that other sporadic occurrences of northern
species seen to the south of Cape Hatteras could be explained by a
similar larval transport mechanism.

Fleminger (1975) made extensive zooplankton collections within the
American coastal zone as well as world-wide. He reported on the
general distributional ranges of various species of the genus
Labidocera. The major thrust of the research, however, was not to
pinpoint specific distributional and seasonal patterns, but rather
to observe evolutionary trends in morphological divergence and
zoogeography within the genus. These results will be reviewed in
Section 2.7.

2.1.3 Offshore

Most of the zooplankton studies that have included collections in
the offshore waters (outer continental shelf, slope, Gulf Stream,
and Sargasso Sea) of the South Atlantic Bight did not specifically
focus on the characteristics of the zooplankton communities of
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TABLE V-21. Summary of fish categories showing numbers
caught and seasons present (from Fahay, 1975).

Category

Elops saurus

Unidentified Muraenidae
Unidentified Congridae
Bascanichthys sp.
Myrophis punctatus

Unidentified Ophichtidae
Unidentified Nemichthyidae
Brevoortia tyrannus

Brevoortia sp.
Etrumeus teres

Opisthonema oglinum

Sardinella anchovia

Unidentified Clupeidae
Anchoa hepsetus

A. mitchilli .
A. nasuta
Anchoa sp.

Engraulis eurystole

Unidentified Engraulidae
Synodus foetens

Unidentified Synodontidae
Unidentified Myctophidae
Histrio histrio

Urophycis earlli

U. floridanus
U. regius
Urophycis sp.

Unidentified Ophidiidae
Chriodorus atherinoides

Cypselurus cyanopterus

C. exsiliens
C. furcatus
C. heterurus
Cypselurus sp.

Euleptorhamphus wvelox

Exocoetus obtusirostris

E. volitans

Hemiramphus brasiliensis

Hirundichthys affinis

Total
Number
caught

12
33
7

1

1
44
3
17
87
34
3
49
112
219
33
81
123

61

10

48

15

2,678

-t

N ~
N_BWOFHFHUKFHKFERFRWWM

Number

caught per Seasons

1.09
1.94
l.16
1.00
1.00
2.44
1.00
8.50
9.66
11.33
1.00
9.80
7.46
24,33
8.25
13.50
9.46
1.00
3.38
1.75
1.00
2.50
1.65
1.00
2.14
58.22
2.50
1.Q00
1.00
1.00
1.00
1.00
1.742
l.a00
1.00
2.5Q
1.00
2.06
1.00

occurrence present

SpSFW
SpSF
SFW
W

W
SpSFW
WSp

W

W

W

SF
SpSFW
SpSFW
SpSFW
WSp

SpF

Sp
SPSFW

WSp
WSp
SpSFW
WSp
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TABLE V-21 Cont.

Total
Number

caught
H. rondeleti 7
Hyporhamphus unifasciatus 40
Oxyporhamphus micropterus 5
Parexocoetus brachypterus 164
Prognichthys gibbifrons 62
Unidentified Exocoetidae 11
Tylosurus acus 3
Tylosurus sp. 1
Membras martinica 144
Menidia menidia 41
Holocentrus sp. 16
Amphelikturus dendriticus 1
Hippocampus erectus 14
Hippocampus sp. 9
Syngnathus elucens 2
S. fuscus 1
S. pelagicus 9
S. springeri 12
Syngnathus sp. 2
Pristigenys alta 44
Apogon maculatus 1
Apogon sp. 1
Astrapogon sp. 2
Pomatomus saltratrix 14
Remora remora 2
Caranx bartholomaei 19
C. fusus 59
C. hippos 5
C. latus 2
C. ruber 59
Caranx sp. 11
Chloroscombrus chrysurus 8
Decapterus punctatus 826
Elagatis bipinnulata 8
Naucrates ductor 2
Selar crumenophthalmus 3
Seriola dumerili 11
S. fasciata 2
E: rivoliana 8
S. zonata 1
Seriola sp. 73
Trachinotus carolinus 15

Number

caught per Seasons
occurrence present

1.40
3.07
1.66
3.72
1.59
1.22
1.00
1.00
28.80
5.85
l1.60
1.00
1.27
1.12
1.00
1.00
1.00
1.20
2.00
3.66
1.00
1.00
2.Q0
1.27
2.00
1.26
3.10
1.66
1.00
2.68
1.57
1.60
12.32
1.14
1.Q00
1.00
1.57
1.00
1.33
1.00
1.97
1.87
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TABLE V-21 Cont.

Total
Number
caught

T. falcatus

T. goodei

Trachinotus sp.
Unidentified Carangidae
Coryphaena equisetis
C. hippurus
Rhomboplites aurorubens
Unidentified Lutjanidae
lobotes surinamensis
Stenotomus chrysops
Unidentified Sparidae
Cynoscion nothus
Larimus fasciatus
Leiostomus xanthurus
Stellifer lanceolatus
Mullus auratus
Pseudupeneus maculatus
Unidentified Mullidae
Kyphosus incisor

K. sectatrix
Holacanthus tricolor
Pomacanthus arcuatus
Unidentified Chaetodontidae
Abudefduf saxatilis
Chromis sp.
Unidentified Pomacentridae
Mugil cephalus

M. curema

Mugil sp.

Sphyraena barracuda

S. borealis
Unidentified Uranoscopidae
Unidentified Blanniidae
Unidentified Gofiidae
Diplospinus multistriatus
Auxis sp.

Euthynnus alletteratus
Scomber japonicus
Scomberomorus maculatus
Thunnus sp.

Xiphias gladius
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19
35
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Number

caught per Seasons
occurrence present

1.28
1.00
1.00
1.33
1.60
1.68
1.00
1.00
1.00
1.00
26.54
5.00
1.00
2.44
1.Q00
4.06
1.00
2.87
1.12
2.25
1.00
1.00
1.Q00
1.70
1.00
1.00
4.83
6.14
3.04
1.00
1.11
1.58
2.18
2.00
1.Q0
2.81
2.00
1.20
1.00
l.0Q
1.33
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TABLE V-21 Cont.

caught per Seasons
occurrence present

Total Number
Number
caught
Istiophorus platypterus 1 1.00
Makaira nigricans 1 1.00
Unidentified Istiophoridae(a) 5 1.66
Unidentified Istiophoridae (b)27 1.92
Nomeus gronovii 6 1.50
Peprilus triacanthus 166 6.15
Psenes cyanophrys 13 1.00
Scorpaena sp. 8 1.14
Unidentified Triglidae 7 1.40
Dactylopterus volitans 3 1.00
Bothus ocellatus 266 4,29
Unidentified Bothidae 31 2,81
Gymnachirus melas 1 1.00
Symphurus sp. 1 1.00
Aluterus heudeloti 5 1.00
A. monoceros 3 1.50
A. schoepfi 9 1.12
A. scriptus 13 1.44
Aluterus sp. 1l 1.00
Balistes capriscus 44 2.20
Balistes sp. 4 2,00
Cantherhines pullus 7 1.40
Canthidermis maculatus 17 1.42
C. sufflamen 8 4.00
Monacanthus ciliatus 154 2.96
M. hispidus 421 4.43
M. setifer 301 11.58
M. tuckeri 3 1.50
Xanthichthys ringens 1 1.00
Unidentified trifferfishes 5 1.00
Unidentified filefishes 1,536 11.63
Unidentified Ostraciidae 4 1.00
Sphoeroides sp. 312 3.95
Diodon holocanthus 1 1.00
Diodon hystrix 1 1.00
Unidentified 47 1.74
Totals 10,741 39.63
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these areas. Instead, most of the investigations were designed to
observe general trends in the =zooplankton of the circulation
patterns of the Gulf Stream, Atlantic Ocean, or global
macrocirculation systems. Collections from the inventory area
were, therefore, only incidentally described. Although the
results from these general studies are not very detailed in
describing the communities, information can be derived to aid in
the understanding of the zooplankton that may be expected in the
of fshore waters of the inventory area.

Investigators from the University of Miami have examined the
zooplankton commmunities of the Gulf Stream off southern Florida
and have published their findings in the Bulletin of Marine
Science series entitled "Plankton of the Florida Current.”
Bsharah (1957) reported on the envirommental conditions, standing
crop, and seasonal and diurnal changes in the plankton of the Gulf
Stream. Volumetric determinations of the zooplankton biomass are
shown in Figures V-5 to V-7. The units of measurement were cubic
centimeters of plankton volume per mile that the plankton nets
(70cm diameter Discovery nets) were towed. The filtered volume jin
a one mile haul was assumed to be roughly equivalent to 600 m”,.
The data indicated that peak volumetric standing crops occurred
during the late spring and early summer months: a trend confirmed
by copepod counts (Figure V-8).

The average weight and volume of the major planktonic groups are
shown in Table V-22, The mean annual standing crop was found to .
be 0.45 mg/m” which was believed to be an underestimate due to
collection techniques. The copepods, euphausids, chaetognaths,
and siphonophores generally constituted 50 percent or more of the
total weight of a bulk plankton sample throughout the water column
(Figure V-9), although other groups such as pteropods and larval
fish contribute to the total plankton dry weight values at night
(Figure V-10). Extensive diurnal migrations were strongly
indicated, changing both the standing crop and constitution of the
zooplankton community found in the euphotic zone through the
diurnal cycle. The diurnal patterns noted for specific planktonic
groups are reported in Section 2.2.

Owre (1962) and Owre and Foyo (1964) have given species lists of
copepods collected during the plankton studies. Tables V-23 and
V-24 list the species found in the Gulf Stream off south Florida.
Those marked with an asterisk were new records for the waters
south of 40°N and west of 60°W. No abundance or distributional
patterns were described, but other articles (Moore and 0'Berry,
1957; Roehr and Moore, 1965) describe vertical migration patterns
(see Section 2.2).
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Seasonal variation in the day volumes of plankton
at the Forty-Mile Station under one square meter
to a depth of six hundred meters (from Bsharah,

1957).
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FIGURE V-6,

Seasonal variation in the dav plankton volumes of
the euphotic zone at the Forty-Mile Station under
one meter to a depth of one hundred meters

(from Bsharah, 1957).
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TABLE V-22,

Animal

Euphausids
Chaetognaths
Siphonophores
Copepods
Copepods (Eu-
photic Zone
Daytime)

Dry Wt.
per Animal

1.753 mg.
0.063
0.126
0.024
0.0065

per Animal

Zooplankton dry weights and wet volunes. (from
Bsharah, 1957).

Wt. per
Unit Vol.

0.0645
0.014
0.00294
0.01845
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TABLE V-23.
(from Owre, 1962)

Suborder CALANOIDA
Family CALANIDAE
Calanus tenuicornis Dana
Nannocalanus minor (Claus)
Neocalanus gracilis (Dana)
N. robustior (Giesbrecht)
Megacalanus princeps
Wolfenden
Bathycalanus richardi
G. O. Sars
Undinula vuigaris (Dana)
Family EGCALANIDAE
Eucalanus elongatus (Dana)
E. artenuatus (Dana)

C. furcatus (G. Brady)
Family AETIDEIDAE
Aetideus armatus (Boeck)
*Euaetideus giesbrechti
(Cleve)
Chiridius poppei Giesbrecht
Gaidius tenuispinus
G. O. Sars
Gaeranus miles Giesbrecht
G. minor Farran
G. latifrons G. Q. Sars
Euchirella messinensis
(Claus)
E. amoena Giesbrecht
*E. curticauda Giesbrecht
E. rostrata Claus
E. bitumida With
Chirundina streetsi
Giesbrecht
Undeuchaera plumosa
(Lubbock)

Family EUCHAETIDAE
Euchaera marina
( Prestandrea)
E. acuta Giesbrecht
E. media Giesbrecht
Pareuchaeta hansenii (With)
*P. ronsa (Giesbrecht)

Family PHAENNIDAE
Phaenna spinifera Ciaus

Family SCOLECITHRICIDAE
Scolecithrix danae ‘Lubbock)
S. bradyvi Giesbrecht
Scoctocalanus persecans

Giesbrecht

List of copepoda species of the Florida Current.

E. monachus Giesbrecht
Rhincalanus cornutus (Dana)
R. nasutus Giesbrecht
Mecynocera clausi

J. C. Thompson

Family PARACALANIDAE
Acrocalanus longicornis
Giesbrecht
Calocalanus pavo (Dana)
C. plumulosus 1 Claus)

Family PSEUDOCALANIDAE
Clausocalanus arcuicornis
(Dana)
Family TEMORIDAE
Temora stylifera (Dana)
T. turbinata (Dana)
*Temoropia mayumbaensts
T. Scott

Family METRIDIIDAE
Metridia princeps Giesbrecht
Pleuromamma abdominalis
(Lubbock)
P. xiphias (Giesbrecht)
P. gracilis (Claus)
P. piseki Farran

Family CENTROPAGIDAE
Cezntropages furcatus (Dana)
C. violaceus (Claus)

Famuly LUCICUTIIDAE
Lucicutia flavicornis
(Claus)
L. clausi (Giesbrecht)

Family HETERORHABDIDAE
*Disseta palumooi Giesbrecht
Heterorhabdus spinifrons
(Claus)
H. papilliger (Claus)
*H. abyssalis ( Giesbrecht)
Hemirhabdus grimaldii
(J. Richard)

Family AUGAPTILIDAE
Haloptilus longicornis
iClaus) -
H. nxvcephalus ' Giesbrecht)
*H. mucronatus i Claus)
*H. fertilis + Giesbrecht)
H. ornatus ' Giesbrecut)
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TABLE V-23 Cont.

S. securifrons (T. Scott)
*Lophothrix frontalis
Giesbrecht

*Centraugaptilus rattrayi
(T. Scott)
*C. horridus Farran

Family ARIETELLIDAE
Arietellus setosus Giesbrecht
*A. plumifer G. O. Sars
*Phyvilopus impar Farran

Family CANDACIIDAE
Candacia longimana Claus

. pachydactyla Dana

C. curta Dana

C. bipinnara Giesbrecht

C

(o

0

. varicans Giesbrecht
. bispinosa Claus
C. simplex Giesbrecht

Family PONTELLIDAE
Calanopia americana
F. Dahi
Pontella atlantica
(Milne-Edwards)
P. spinipes Giesbrecht
Labidocera acutifrons
(Dana)
L. aestiva Wheeler
L. nerii (Kroyer)
Pontellopsis regalis (Dana)
*P. perspicax (Dana)
*P. villosa G. Brady
Pontellina plumata (Dana)

Family ACARTIDAE
Acartia negligens Dana
A. danae Giesbrecht
A. spinara Esterly
A. bermudensis Esterly

Family MORMONILLIDAE
*Mormoniila phasma
Giesbrecht

H. spiniceps {Giesbrecht)
Euaugaptilus hecticus
(Giesbrecht)

Suborder HARPACTICOIDA

Family MIRACIDAE
Miracia efferata Dana
Oculoserella gracilis (Dana)
Macrosetella gracilis (Dana)

Family CLYTEMNESTRIDAE
Clvtemnestra scutellata
Dana

Family AEGISTHIDAE
*Aegisthus mucronatus
Giesbrecht

Suborder CYCLOPOIDA

Family OITHONIDAE
Qithona plumifera W. Baird
O. setigera (Dana)
*Ratania flava Giesbrecht
*R. atlantica Farran

Family ONCAEIDAE
Oncaea venusta Philippi
O. mediterranea (Claus)
O. conifera Giesbrecht
Conaea rapax Giesbrecht
Lubbockia squillimana

Claus

L. aculeata Giesbreciit
Pachos punctatum «Claus)

Family SAPPHIRINIDAE
Sapphirina angusta Dana

. metallina Dana

. stellata Giesbrecht

. opalina Dana

. ovarolanceolata Dana

. nigromacuiata Claus

Copilia vitrea : Haeckel)

C. murabilis Dana

C. quadrara Dana

Ly nng
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TABLE V-24.
Florida Current.

Suborder CALANOIDA
Family CALANIDAE
t*Megacalanus typicus (A. Scott)
Family EUCALANIDAE
Eucalanus crassus Giesbr.
E. mucronatus Giesbr.
Family PARACALANIDAE
Paracalanus aculeatus Giesbr.
Family AETIDEIDAE
t Gaetanus kruppii Giesbr.
Gaetanus pileatus Farran
t* Euchirella maxima Wolfenden
E. pulchra (Lubbock)
t Pseudochirella obesa Sars
Undeuchaeta major Giesbr.
Family EUCHAETIDAE
t Euchaeta spinosa Giesbr.
t Paraeuchaeta barbata (Brady)
t P. bisinuata (Sars)
t*P. malayensis Sewell
t*P. withi Sewell
t*Valdiviella brevicornis Sars
t V. insignis Farran
Family PHAENNIDAE
* Xanthocalanus agilis Giesbr.

t Cornucalanus chelifer (Thompson)

Family SCOLECITHRICIDAE
*Scolecithricella ctenopus (Giesbr.)
S. dentata (Giesbr.)
S. tenuiserrata (Giesbr.)
S. vittata (Giesbr.)
*Scottocalanus australis Farran
*S. helenae (Lubbock)
Lophothrix latipes (T. Scott)
t* Amallothrix gracilis (Sars)

Additions to the list of copepoda species of the

(from Owre and Foyo, 1964)

Family METRIDIIDAE
t Gaussia princeps (T. Scott)
Family LUCICUTIIDAE
Lucicutia magna Wolfenden
Family HETERORHABDIDAE
Heterostylites longicornis
(Giesbr.)
t*Hemirhabdus latus (Sars)
Family AUGAPTILIDAE
t* Euaugaptilus californicus
(Esterly)
t E. longimanus (Sars)
t E. magnus (Wolfenden)
t*E, nodifrons (Sars)
t*E. tenuispinus Sars
Family ARIETELLIDAE
Phyllopus helgae Farran
Family CANDACIIDAE
Candacia paenelongimana
Fleminger & Bowman
Family PONTELLIDAE
Pontella mimocerami Fleminger
Family BATHYPONTIIDAE
t* Bathypontia minor Sars
Suborder HARPACTICOIDA
Family ECTINOSOMIDAE
Microsetella norvegica (Boeck)
M. rosea (Dana)
Suborder CYCLOPOIDA
Family OITHONIDAE
*Qithona frigida Giesbr. var.
pseudofrigida Rosendorn
O. robusta Giesbr.
Family CORYCAEIDAE
Corycaeus (Onychocorycaeus)
catus F. Dahl
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Riley (1939) made a transect from Cuba to Woods Hole which
included collections in the OCS area off the coas§ of Georgia.
Volumetric .and numerical abundance were 0.07 cc/m” and 257,000
organisms/m~ at this station. These values represent over twice
the biomass found at the more tropical station but only 1 percent
(volumetrically) to 18 percent (numerically) of that found in the
northern waters. It was speculated that the turnover rate may be
faster in the tropical waters, so that the relative abundance
patterns do not necessarily reflect zooplankton productivity.

Clarke (1940) attempted to compare the zooplankton richness and
seasonality between coastal and offshore waters. Although the
coastal and slope water collections were made to the north of the
inventory area (along a transect between New York and Bermuda),
one station was located in the Sargasso Sea off Cape Hatteras. In
comparing this region to the northern waters, Clarke observed that
the average zooplankton volume was four times as great in coastal
waters as in slope waters, which in turn exhibited four times the
volumetric abundance of that found for the Sargasso Sea. No
seasonality was observed for the zooplankton of the Sargasso Sea,
even though strong seasonal trends were noted in coastal and slope
collections. A final difference was identified between the
zooplankton distribution in the three areas: coastal and slope
water collections showed little difference in volumetric abundance
of shallow and deep water zooplankton when diurnal samples were
combined, while those taken from the Sargasso Sea indicated that
most of the zooplankton community was found in the shallow strata
(above 100m).

Grice and Hart (1962) also made a transect between New York and
Bermuda, but established six stations in the Sargasso Sea and one
station in the Gulf Stream for comparison with those in northern
slope and shelf waters. Collections were made seasonally with a
75cm diameter #6 plankton net. The mean standigg crops of thg
Gulf Stream and Sargasso Sea water were 0.03 cc/m” and 0.02 cc/m
respectively. The temperate slope waters exhibited three to four
times the standing crop of these areas, while zooplankton biomass
from shelf waters was nine times as great. Few seasonal trends
were observed in the standing crops or species composition of the
offshore areas. Copepods dominated the zooplankton, making up
over 50 percent of the standing crop in the Gulf Stream and
Sargasso Sea. Diversity was high in both areas: 43 species in
the Gulf Stream and 92 species in the Sargasso Sea. The most
abundant species are shown in Table V-25. Chaetognaths were the
second most important contributors to the =zooplankton standing
crops, comprising 15 to 25 percent of the displacement volume.
Figure V-11 shows the distribution of major chaetognath species in
the offshore areas. Sagitta enflata dominated the Gulf Stream
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TABLE V=25, Numerically important copepod species in neritic,
slope, Gulf Stream and Sargasso Sea waters

Grice and Hart, 1962).

(from

Mean
. : Freq. no./m3
NERITIC (14 SAMPLES) -
Pseudocalanus minutus 13 559
Centropages typicus 14 450
Oithona similis 13 151
Temora longicornis 8 59
Paracalanus parvus 8 39
Calanus finmarchicus 11 32
Metridia lucens 12 16
Candacia armata 9 9
SIOPE (15 SAMPLES)
Centropages typicus 11 76
Pseudocalanus minutus 8 16
Oithona similis 6 14
Metridia lucens 11 15
Clausocalanus pergens 6 19
C. arcuicornis 7 13
Pleuromamma borealis 8 6
Oithona atlantica 12 6
GULF STREAM (3 SAMPLES)
Clausocalanus furcatus 3 27
Lucicutia flavicornis 3 9
Oithona plumifera 3 9
O. setigera 3 7
Calocalanus pavo 2 9
Parranula gracilis 3 4
Mecynocera clausi 3 2
SARGASSO SEA (11 SAMPLES)
Clausocalanus furcatus 9 7
Oithona setigera 11 6
Lucicutia flavicornis 11 4
Ctenocalanus vanus 6 3
Farranula gracilis 6 2
Mecvnocera clausi 9 2
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GULF |5ARGAS:
SPECIES SHELF | SLOPE | STREAM | SEA
SAGITTA SERRATODENTATA

S. ENFLATA
. ELEGANS

. LYRA

. BIPUNCTATA

. DECIPIENS
PTERQSAGIT TA DRACO
SAGITTA HEXAPTERA
S. PLANCTONIS

S. MINIMA

S. MAXIMA
EUKROHNIA HAMATA
KROHNITTA SUBTILIS
K. PACIFICA

SAGITTA FRIDERICI

S. FEROX ?

w »mw v e

NOT FOUND IN GULF STREAMIN PRESENT COLL ECTIONS BUT
REPORTED FROM STREAM OFF FLORIDA (OWRE, 1960) O
NORTH CAROL INA (PIERCE, 1953)

FIGURE V-11. Distribution of Chaetognatha (from Grice
and Hart, 1962).
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chaetognaths, while S. serratodentata dominated the Sargasso Sea,
although a diversity “of species (8- 12) were also observed in the
waters from both areas.

Table V-26 gives the diversity, abundance, and most common
representatives of other groups of zooplankton found in the Gulf
Stream and Sargasso Sea. Siphonophores are carnivores that also
are quite important to the zooplankton community. In fact, the
most notable trend in the character of the zooplankton of the
of fshore areas was the relatively larger component of carnivores
and the fewer numbers of obligate herbivores in comparison to
neritic communities. It was concluded that the sparse, yet
diverse, communities of the offshore waters utilize most of the
standing crop of phytoplankton and efficiently transfer the energy
to higher trophic levels.

Sutcliffe (1960) also studied -the zooplankton of the Sargasso Sea
in order to examine factors that influence diversity. An inverse

correlation between productivity (standing crop) and diversity was
noted. The diversity was, however, more or less independent of
environmental conditions. In the Sargasso Sea, the latitudinal,
temperature, or food (phytoplankton concentrations) conditions
appear not to be the causal factors in determining zooplankton
community diversity.

Egan and Conrad (1975) reported on studies designed to follow a
water mass as it moved along the Gulf Stream in order to observe
changes in the zooplankton community. Samples were taken with a
Clarke-Bumpus 100 micron mesh net from a boat drifting with the
Gulf Stream. Although extensive taxonomic identification was not
attempted, major groups were enumerated (Table V~-27). The most
significant result of the study was that there was no overall
increase or decrease in the zooplankton population as it moved
along the Gulf Stream. It was also noted that there was no
consistent significant correlation of zooplankton abundance with
depth, time of day, or location. It was suggested that the Gulf
Stream zooplankton community is constantly being replenished by
influxes of zooplankton-laden water from the continental shelf
areas on the inshore side and the Sargasso Sea on the offshore
side.

Cutler (1975) proposed that a zoogeographic barrier is located in
continental slope waters off Cape Lookout, North Carolina (ca.
34°N), between 150 and 2500m in depth. Benthic organisms such as
Sipuncula and Pogonophora have a distributional pattern indicative
of a partial barrier in this region. It was postulated that the
deep Western Boundary Under Current counters the flow of the Gulf
Stream and cuts across the Blake Plateau in this region, providing
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TABLE V-26. Zooplankton composition, abundance and diversity from the Gulf Stream and

Sargasso Sea (from Grice and Hart, 1962).

Group

Siphonophora

Buphausiid

Amphipoda

Mollusca
heterpods
Pteropods

Annelida

Ostracoda

Chordata

Decapoda

Areca
Gulf Stream

Sargasso Sea

Gulf Stream
Sargasso Sea

Gulf Stream
Sargasso Sea
Gulf Stream
Sargasso Sea
Gulf Stream
Sargasso Sea
Gulf Stream
Sargasso Sea
Gulf Stream

Sargasso Sea

Gulf Stream
Sargasso Sea

Gulf Stream
Sargasso Sea

# of Species % Volume #/m Most Abundant Species
14 14.4 0.9 Abylopsis eschscholtzii
A. tetragona, Bassia bassensis,
27 17.7 0.8 Chelophyes appendiculata, Diphyes
bojoni, Eudoxoides mitra,
E. spiralis, Hippopodius hippopus,
Ieusia fowleri
6 1.8 1.3 Stylocheiron spp.
20 4.8 0.7 Euphausia spp.
26 0.2 Hyperia schizogeneios, Phrosina
semilunata, Lycaeopsis
46 2.0 0.2 themistoides
11 —— —_—
11 —— —-— Protatlanta souleyeti
19 —— —— Creseis acicula
19 —_— -
8 — -— Sagitella kowalevskil
24 - - Vanadis minuta
Tomopteris planktonis
9 —— - Conchoecia acuminata
12 —— -— C. curta
——— - Salpa fusiformis
9 -— —— Thalia democratica
2 —-— - Lucifer faxonii
2 ——— ——

L. typus
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TABLE V-27. Average population per lOOm3 over all 42 hauls, and correlation coefficients

for depths and latitudes.

TAXA

Radiolaria and Foraminifera
Coelenterata
Polychaeta larvae
Mollusca larvae
Pteropoda
Cladocera
Ostracoda
Nauplii and Copepodids
Calancida
Harpacticoida
Cyclopoida
Barnacle larvae
Hyperidae
Euphausiacea
Crustacean megalopas and zoeas
Echinodermata larvae
Chaetognatha
Salpida
Oikopleura
Teleost eggs
Miscellaneous
TOTAL

POPULATION

833
443
402

1,000
114
84
794
1,079

23,590

275

1,321
8

98

48
121
33
1,040
100
2,106
4,174
51
37,714

(from Egan and Conrad, 1975)

DEPTH CORRELATION

-0.10
-0.19
-0.18
-0.29
-0.24
-0.14

0.29
-0.11
-0.18
=-0.15
-0:14

0.10
-0.23

0.32
-0.20
-0.27
-0.16
-0.32
-0,19
-0.17
-0.10
-0.18

LATITUDE
CORRETIATION

-0.07
-0.09
-0.10
-0.12
-0.09
-0.11

0.02
-0.13
-0.09
-0.07
-0.18
-0.25
-0.12
-0.10
-0.22
-0.18
-0.07
-0.11
-0.07
-0.07

0.05
~-0.09




a barrier to benthic organisms that produce short-lived 1larva
which remain close to the bottonm. Near-bottom plankton
collections were made with a Clarke—-Bumpus sampler but the larvae
could not be identified, so the hypothesis could not be
substantiated. :

Finally, Bogorov, Lappo and Suyetova (1974) reported on a large-
scale study of the total mesoplankton biomass of the
macrocirculation systems of the world's oceans. The investigators
found that maximum standing crops: were found in cyelonic
circulation patterns and minimum values were found in anticyclonic
patterns. In fact, the difference in zooplankton standing crop of
two adjacent circulations of opposite vortices was shown to be
significantly greater than the difference in the biomass of widely
separated regions of different oceans and climatic zones with
water movement of the same vorticity. It was, therefore,
suggested that there 1s a close relation between dynamic and
biological phenomenon in the ocean. The term geobiology was
coined to describe the study of these relationships. A final
point was made that the estimated potential energy in the total
biomass of living organisms in the ocean was more closely related
in magnitude to the kinetic energy of ocean than to the energy of
algal productivity. These relationshps compel greater thought and
research into the interaction of biological and physical phenomena
both on a local and global scale.

Since the studies that have been done on the offshore zooplankton
community do not provide comparable data, only general trends can
be observed. The zooplankton community of the Gulf Stream and
Sargasso Sea areas are quite diverse, but standing crops are low.
Volumetric abundance is generally three to four times greater in
shelf waters than slope waters which in turn is 3-4 times greater
than that found in offshore Gulf and Sargasso areas. The
copepods, chaetognaths, siphonophores, and euphausiids appear to
dominate the zooplankton, although a great number of species of
each group may occur together, so no one species can be identified
as being dominant. The zooplankton communities appear to be quite
efficient and stable: most of the primary production is utilized
and the energy is passed to an extensive carnivore component; and
little latitudinal change or seasonality in biomass or diversity
can be discerned. Gulf Stream zooplankton communities may be
continuously replenished and stabilized through entrainment of
water from neritic and Sargasso Sea areas, but the reverse
situation apparently also occurs as inshore waters are
periodically seeded by intrusions of offshore forms. Thus, the
zooplankton communities of inshore and offshore waters may be
intimately tied together by a number of biotic interactions.
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The complex hydrography and many dynamic processes operating in
the vicinity of the Gulf Stream may prove to be quite important in
establishing zoogeographic barriers for short—lived meroplanktonic
forms. On a much larger scale, the dynamic processes in the
offshore waters may directly control the productivity and standing
crops of zooplankton communities if the views of the geobiologists
are correct.

Clearly, the role of ©biological and biological-physical
interactions in shaping the characteristics of offshore
zooplankton communities merits further study.

2.2 Spatial and Temporal Patterns

Characteristic horizontal, vertical, and temporal patterns of
distribution have been identified for the zooplankton communities
examined by many of the studies reviewed in Sections 2.1.1-2.1.3,
Although the results of most of the studies are not directly
comparable, the patterns for certain groups can be identified.

Horizontal patterns of zooplankton distribution within the major
zones (estuaries, coastal areas, and offshore waters) have been
examined in a number of studies. Jacobs (1968) proposed a
mechanism to explain the clumped distribution of various species
of zooplankton in a tidal sound in Georgia (see Roberts, 1974, for
complete review). The combined action of tidal dynamics and
species—specific vertical migration behavior caused striking
density patterns of horizontal distribution to be set up within
the estuary. High density areas, created by the interaction
between the local hydrographic processes and the behavior of each
species, were observed to shift up and down the estuary with the
tides, but appeared to be fairly predictable in location through
time. :

Stickney and Knowles (1975) found evidence to support Jacobs'
hypothesis by observing the =zooplankton distribution of the
Skidaway and Wilmington Rivers over a number of consecutive tidal
cycles. The distribution of copepod nauplii was seen to be a
function of dilution and concentration by tidally induced changes
in water volume, but the more advanced copepod stages exhibited a
complex distribution pattern linked with tidal mixing dynamics.
Adult  copepods clearly exhibited migratory behavior and
consistently had maximum densities on high and falling tides.
These patterns were taken as indirect evidence that the copepods
were concentrated in the upstream areas of the river when the
surface waters flooded the marshes. It was speculated that the
copepods might even have strong enough swimming ability to
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actively avoid being carried out over the marsh areas (Jacobs,
1968; Stickney and Knowles, 1975). The concentrated population of
copepods that forms in the bottom layers of the river during high
tide is then carried back downstream on the next ebbing tide.
Each species has slightly different behavior patterns which, when
coupled with variations 1in local hydrography, cause complex
density patterns throughout the estuary.

Lonsdale and Coull (1977) observed that zooplankton density in the
North Inlet Estuary was significantly higher at the deeper
stations near the mouth of the inlet than at stations in the upper
tidal reaches of the marshes. It was speculated that a "funneling
effect” caused the zooplankton populations to concentrate in the
lower tidal reaches as the marshes drained. Subsequent
unpublished observations indicate, however, that densities are
significantly higher on high tides, more or less disproving this
hypothesis (Stancyk, 1978, personal communication). -Since the
density pattern is similar to that observed by Jacobs (1968) and
Stickney and Knowles (1975), 1t 1is conceivable that the
interactions between the tidal dynamics and the migratory behavior
of major species is causing the zooplankton to be concentrated in
the deeper areas of the estuary as the marshes flood. Similar
horizontal patterns might be expected in other southeastern
estuaries with little or no freshwater input and low flushing
rates.

Dudley and Judy (1971) observed the horizontal distribution of
crab larvae in the coastal waters off Beaufort Inlet, North
Carolina (Tables V-17, V-18, V-19). A number of species exhibited
distinctly higher densities at the offshore stations: Callinectes
sapidus, Portunus gibbesii, Portunus sayi and Hepatus epheliticus.
The concentrations of 1larvae of other species were higher at
inshore stations: Neopanope texana sayi, Menippe mercenaria,
Panopeus herbstii, Polyonyx gibbesi and Sesarma spp. The
remaining species either exhibited no obvious trend or were not
taken in sufficient numbers to establish a pattermn. It can be
seen that the offshore forms are mainly represented by "swimming
crabs” that migrate offshore to spawn, while the inshore forms
were dominated by xanthid ("mud”) crabs that would be expected to
spawn in the more inshore areas. Most of the inshore forms were
found in greater abundance in the 8m collections while the
offshore forms were found to be denser in surface tows. Scheltema
(1975) reviewed the literature on larval dispersal along the
Atlantic coast of America and observed that meroplankton remaining
in the bottom layers of the water column tend to be carried into
inshore and estuarine areas. On the other hand, larvae of species
such as Callinectes may follow the complex current patterns of
surface waters and therefore potentially can be carried anywhere
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between Cape Hatteras and Cape Canaveral. Thus, behavioral
differences in depth preference may drastically influence the
dispersal patterns of the two groups: the more sedentary crabs
spawn inshore and the larvae tend to remain near the parents' home
range by selecting bottom layers with a net shoreward movement;
while the more motile forms spawn offshore and the surface—
dwelling larvae may be transported great distances before
metamorphosis.

Fahay (1975) observed several distinct trends in the horizontal
patterns of the surface ichthyoplankton of the South Atlantic
Bight. Anchoa mitchilli was clearly an inshore species, while
istiophorids and exocoetids were identified as offshore species.
Histrio histrio and several species of flying fish were confined
to the Gulf Stream. A number of species (Elops saurus, Mugil
spp., Leiostomus xanthurus, Brevoortia sp., Synodus spp.,
Urophycis regius, Trachinotus carolinus and Scomberomorus
maculatus) apparently spawned offshore but migrated inshore during
development. Fahay noted that this type of migration only took
place during the winter and early spring, while those species
observed to spawn in the summer and fall used the floating mats of
Sargassum in the offshore waters as a nursery area. He also noted
that the peak of migratory behavior occurs when temperatures
between inshore and offshore waters differ most greatly. Although
not specifically stated, it was implied that the difference in
temperature between the areas provides some sort of migratory (or
navigational) cue to the larvae of those species that migrate into
inshore nursery grounds.

A more recent work (Nelson, Ingham and Schaaf, 1977) provides an
alternate hypothesis that may explain the observed migration
patterns during the winter and fall months. Although specifically
looking only at Brevoortia tyrannus (menhaden) 1larvae, the
hypothesis proposed by these investigators could also be applied
to any of the other species identified as exhibiting a shoreward
migration pattern. Nelson et al. postulated that the menhaden
larvae are passively transported shoreward by zonal wind-driven
(Ekman) transport of surface water rather than by active
migration. It was proposed that the winter—spring spawning of the
menhaden in the offshore waters of the South Atlantic Bight has
evolved to coincide with the peak period of Ekman transport of
surface waters towards the coast. A multiple regression model
indicated that there was a strong correlation between the strength
of Ekman transport and the survival index, indicating that this
mechanism is of major importance in the transport of larval
menhaden from offshore spawning areas to inshore nursery grounds
(i.e. the difference between good and poor years for menhaden
fisheries may be related to this physical factor). Obviously,
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this mechanism should be studied further to determine its
importance to the transport/dispersal of surface meroplankton.

Vertical patterns of zooplankton abundance are closely tied to
diurnal migration behavior, so spatial and temporal distribution
patterns must be considered together. As previously indicated,
the vertical distribution of zooplankton can have very important
effects on the horizontal patterns of the community in estuaries
or the dispersal of meroplankton in coastal waters, so all
patterns are closely interrelated. McLaren (1974) and Enright
(1977) have reviewed the literature on vertical migration of
zooplankton. These papers attempt to put into perspective the
various theories that have been proposed to explain the evolution
of this type of behavior. Although these articles do not
specifically address any research in the inventory area, they
provide a general background for anyone interested in the vertical
patterns of distribution of zooplankton.

Peters (1968) observed migratory behavior in the harpacticoid
copepods of the Pamlico estuary. The harpacticoids were virtually
absent in the water column during the day, but migrated up from
their epibenthic habitat at night. The magnitude of the
concentration of abundance appeared to be directly related to the
strength of wind-driven currents (Table V-3b). During periods of
peak density, the harpacticoids were found to represent more than
twice the concentration of all other zooplankton groups combined,
leading Peters to conclude that this group may play an extremely
important ecological role that is not detected by most studies
which make collections during the day or during calm weather.

Stickney and Knowles (1975) reported that the adult stages of
Acartia tomnsa, Pseudodiaptomus coronatus, and  Tharpacticoid
copepods collected in a Georgia estuary exhibited vertical
migratory behavior while the copepod nauplii did not. The adult
copepods were found to be concentrated in the bottom layers of the
water column (6m in depth) during the day but evenly distributed
with depth at night. The juvenile stages of copepods were
observed in greatest abundance in the surface waters throughout
all diurnal or tidal cycle phases.

Vertical patterns of Gulf Stream zooplankton have been studied by
several investigators. Moore and O'Berry (1957) and Roehr and
Moore (1965) reported on the vertical distribution of common
copepods from the Gulf Stream. The depth above which 30 percent
of the population occurred was used as the modal depth in the
characterization of the vertical pattern of each species. Table
V-28 shows the vertical distribution and diurnal migration range
of some of the copepod species. Either 1little or reversed

V-66



L9-A

TABLE V-28. Vertical distribution of copepods.

The figures in

parentheses show the number of stations from which the

mean values were obtained (Roehr and Moore, 1965).

30 Per Cent Level

Species Day

(m)
Calocalanus pavo (Dana) 37 (26)
Corycaeus lautus Dana 102 (11)
Copilia mirabilis Dana 107 (21)
Corycaeus speciosus Dana 111 (19)
Pontellina plumata (Dana) 120 ( 6)
Temora stylifera (Dana) 132 (20)
Undinula vulgaris (Dana) 134 (32)
Eucalanus attenuatus (Dana) 143 (29)
Macrosetella gracilis (Dana) 143 (28)
Euchaeta marina (Prestandrea) 154 (33)
Haloptilus longicornis (Claus) 175 (12)
Lucicutia flavicornis (Claus) 185 (19)
Euaetidius giesbrechti (Cleve) 205 ( 2)
Pleuromamma gracilis (Claus) 244 (19)
P. abdominalis (Lubbock) 246 (30)
Rhincalanus cornutus (Dana) 246 (30)

Pleuromamma xiphias (Giesbrecht) 350 (15)

Night

(m)

62
143
105
100
143
110

85
144
153
104
184
141
153
158
155
186
164

(21)

(5

(19)
(17)
( 8)
(17)
(26)
(26)
(23)
(29)
(8)
(19)
(4)
(19)
(29)
(27)
(19)

Range
(m)

=25
~41

11
-23
22
49

-10
50

44
52
86
91
60
186




migraton (i.e. up in the day, down at night) was exhibited by
species characteristic of surface waters (e.g. Calocalanus pavo).
Species taken from intermediate depths generally showed moderate
migration ranges (e.g. Undinula vulgaris), but a number of species
exhibited 1little or reversed migration (e.g. Macrosetella
gracilis). Roehr and Moore (1965) conclude that the latter type
of migratory behavior is not aberrant, but may, in fact, be more
common for species characteristic of moderate depths than
previously supposed by Moore and O'Berry (1957). The copepods
characteristic of the deeper layers (e.g. Pleuromamma xiphias) of
the water column all showed extensive migrations through the
diurnal cycle.

Bsharah (1957) made semiquantitative volumetric measurements of
the zooplankton at various depths in the Gulf Stream. From these
data vertical distributional patterns of the major plankton groups
could be discerned. No significant diurnal changes were noted in
the numerical abundance of copepods in the euphotic zone. It was
suggested that copepods might exhibit less diurnal migration as a
group than other plankters. It was pointed out, however, that
larger deep-dwelling species migrate up at night and replace the
small surface species that are migrating down, so mean copepod
biomass tends to increase in collections taken at night. This
trend of migration in opposite directions which tends to cancel
large changes in numerical abundance may be of adaptive advantage
in resource partitioning by the copepods. Pteropods (Thecosomata)
showed strong migratory behavior, with nighttime standing crops in
the euphotic zone representing up to 20 times that found during
the day. Chaetognaths were found to have a bimodal vertical
distribution pattern: one peak in the surface waters and a second
just below the euphotic zone. Night populations in the euphotic
zone increased up to five times over those found during the day,
suggesting strong migratory behavior. Sight avoidance of the nets
during daylight hours could, however, also explain this pattern.
Active avoidance of the nets was identified as being a major
problem in assessing the distribution patterns of euphasiids,
‘though migration was suggested.  Siphonophores decreased in
abundance with depth but showed little or no migratory behavior.
It was therefore speculated that this group may be trophically
quite important throughout the water column at night.

Seasonal distributional patterns have been examined in many of the
zooplankton studies reviewed in the previous sections. The
dissertation by McCrary (1969) provides the most intensive
description of seasonal patterns of estuarine zooplankton
distribution; so results from other studies will be compared and
contrasted to those presented by this work. Table V-29 is
extracted from the narrative calender of major larval occurrences
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TABLE V-29.

Month

January

February

March

April

Relative Abundance/lature of Change

a) most abundant: Actinian planulae; nemertean pilidia;
Bugula neritina; barnacle nauplii and cyprids;
Polygordius trochophores.

b) abundant: annelid larvae: Megelona, Sabellaria,
Scolelepis, glycerids, neplityids, spionphaids.

c) common: cyphonautes larvae; actinotrocha; echiuroid
trochophores; mitraria; pagurid zoea; bipinnaria and
brachiolaria of Asterias.

Asterias larvae and pagurid larvae become abundant

a) most abundant: annelid larvae: Sabellaria,
Scolelepis and Polydora.

b) common: bipinnaria and brachiolaria

c) forms declining: actinotrocha; pilidia; actinian
planulae; pagurid zoeae and glaucothoe; and barnacle
larvae.

d) forms that disappear: echiuroid trochophores;
glycerid larvae; nephtyid larvae.

e) forms that first appear: Spiophanes

a) most abundant: Nassarius veligers; barnacle larvae;
and annelid larvae: Polydora, Spiophanes, Streblospio,
eunicid.

Seasonal patterns of zooplankton distribution, Wrightsville Sound, N. C.
(from McCrary, 1969).

Remarks

Little change in composition
except those noted.

Injitiation of breeding season
for a number of species.
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TABLE V-29,

Month

June

cont.
Relative Abundance/Nature of Change " Remarks
b) common: actinian planulae; pilidia; Bugula larvae;

actinotrocha; Crepidula veligers; Pagurid zoea
bipinnaria; tornaria; and Sabellaria larvae.

c) forms that first appear: Chaetopterus, Nereis,
Scololopis and Phyllodoce among annelids; Palaemonetes,
Upogebia, Polyonyx, Uca, Pinnotheres maculatus, and
Pinnixa cliactopterana among the decapods; adult
sexual stages of Autolytus and other syllids found
in the plankton.

a) abundant: Nereis, Uca, Massarius and barnacle larvae Further burgeoning of planktonic
larvae.

b) common: actinian planulae; pilidia, Bugula larvae;
actinotrocha; epicarid isopods (parasitic on copepods};
Asterias bipinnaria; Moira plutei; leptosynapta larvae;
tornaria; and annelid larvae Polydora, Scolelepis,
Spiophanes, Streblospio, Sabellaria, Chaetopterus,
Phyllodoce, other phyllodocids and polynoids.

c) forms increasing in abundance: all decapod larvae
reported in April; protozoeae of peneids; zoeae of
Alpheus, Emerita, Pinnotheres ostreum and several
xanthid crabs; and megalops of Callinectes.

d) taken occasionally: arachnactis larva of a cerianthid;
loxosomatid larvae of entoprocts; plutei of Arbacia and
Mallita; larvae of brachiopod, Glottidia; larval amphioxus;
Polygordius trochophora; Megelona nectochaetae; mitraria
larvae and sexual syllids.

a) most abundant; eggs and early tornaria of Balanoglossus;
early Megelona larvae; Nereis trochophores; barnacle
larvae; Bittium veligers; and zoea of Alpheus, Palaemonetes
and Uca.
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TABLE V~29, cont.

Month

July

August

Relative Abundance/Nature of Change

b) cominon: actinian planulae; pilidia, actionotrocha;
annelids; Chaetopterus, phyllodocids, polynoids,
Sabellaria, Polydora, Priononspis, Scolelepis,
Streblospio, sexual stages of syllids, Crassostrea
and many unidentified veligers.

c) regularly taken; plutei of Mellita and Moira.

d) present: all decapods reported in April and May;
larvae of Callianossa, Clibanarius, Hippolysmata,
Periclimenes; plutei of Arbacia, Lytechinus, Ophiothrix
and an unidentified ophiopluteus; Asterias bipinnaria;
Pilidium brachiatum; planulae of Renilla and
leptogorgia; Lima veligers; and Squilla larvae.

e) forms that disappear: Spiophanes

a) dominant forms reported in June joined by: Moira
plutei; zoeae of Upogebia; and polychad larvae.

b) forms becoming common: loxosomatid larvae; cyphonates;
terebellid larvae.

c) forms declining: leptosynaptid larvae

a) most abundant forms: loxosomatid larvae; barnacle larvae;
plutei of Mellita and Moira; zoeae of Alpheus,
Palaemonetes, Polyonyx and Uca.

b) common forms: those reported as abundant or common in
previous months.

kemarks

Types of larvae and levels of
abundance similar to June
except where noted.

Types of larvae similar to
previous months except for a
decline in lavels of certain
groups,
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TABLE V-29,

cont.

September

October

Relative Abundance/Nature of Change Remarks

c)

d)

e)

a)

b)

c)

d)

a)

b)

c)

d}

forms declining: Magelona, polynoid, and Scolelepis
larvae.

forms that disappear: phyllodocid larvae and
glaucothoe. ’

forms that first appear: sipunculid larvae.

most abundant: barnacle larvae; plutel of Moira and
Ophiothrix; larval spionids and Sabellaria; Uca zoea;
and Callinectes megalops.

forms declining: epicarid isopods; actinian planulae;
loxosomatid larvae; polyclad larvae; Nereis larvae and
most decapod larvae.

forms that disappear: alcyonarian planulae; actinoérocha;
Polygordius trochophlores; mitraria; polynoids; amphioxus
larvae; Clibanarius and xanthid crab zoeae.

forms that first appear: the pteropod Creseis; and

larvae of Leptosynapta.

most abundant: barnacle larvae; Callinectes megalops;
Ophiothrix plutei; ascidian tadpoles; Sabellaria
nextochaetae; larval spionids.

common: larval Creseis; cyphonautes; sergestid protozoea;
Moira plutei; and ophiopluteus.

forms that disappear: most decapod larvaei Callianassa,
Emerita, Uca, Alpheus, llippolysmata, Upogebia, xanthid

zoeae; and §gui11a.

forms that first appear: actinotrocha; pilidia; mitraria;

and Mggelona.
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TABLE V-29, cont,

Month

November

December

Relative Abundance/Nature of Change

a)

b)

c)

d)

a)

b)

c)

most abundant: actinian planulae; pilidia;
Polxgordius trochophores; Magelona larvae; barnacle
larvae; and asidian tadpoles.

sumner forms still common: Ophiothrix and Moira
plutei; Anomia veligers; Polyonyx, Callinectes, and
Pinnixa chaetopterana.

winter forms becoming common: nephtyid larvae;
loxosomatid; cyphonautes; actinotocha; mitraria and
pagurid zoeae and glaucothoe.

forms that disappear: sergestid protozoeae; Hippolyte,
Palaemonetes, Periclimenes, and Pinnotheres maculatus
zoeae; larval Creseis; veligers of Limaj and plutei of
Arbacia and Mellita.

most abundant: actinian planulae; pilidia; Polxgordius
trochophores; Magelona; nephtyid metatrochophore; and
barnacle larvae,

common: loxosomatid larvae; Bugula larvae; echiuroid
trochophores; cyphonautes; actinotrocha; mitraria;
Sabellaria; pagurid zoeae and glaucothoe; bipinnaria;
and tornaria.

forms that disappear: Leptosynapta larvae; and
remaining forms.

Remarks

Mixture of lingering summer
and the burgeoning new winter
populations.

A few scattered elements of
the summer plankton remained
but by the end of December,
the plankton had acquired a
definite winter character.




presented by McCrary (1969) for the zooplankton of Wrightsville
Sound, North Carolina. ,

Copepods numerically dominated the zooplankton communities
throughout the year. Table V-11 shows the seasonal occurrence of
the major species of copepods studied by McCrary. Many of the
species were observed throughout the year, but qualitative
observations indicated seasonal trends in abundance. Thayer et
al. (1974) reported an apparent decrease in the abundance of
certain species of copepods (Acartia tonsa, Centropages sp.,
Euterpina acutifrons, and Temora turbinata) during the spring due
to the predation of larval fish. McCrary also observed a decrease
in the abundance of most of these species, possibly due to the
same mechanism. Paracalanus (Parvocalanus) crassirostris was
present and abundant throughout the year, a trend similar to the
lack of seasonality reported by Lonsdale and Coull (1977). Oithona
spp. are cyclopoids that are fairly abundant throughout the year
in most estuarine areas. Peters (1968), and Lonsdale and Coull
(1977) reported low abundance of Oithona spp. during the spring.
McCrary identified the spring as representing a period of
replacement of the predominant winter species, Oithona nana, by
the summer . species, Oithona colcarva (brevicornis).
Pseudodiaptomus coronatus was observed throughout the year but was
seen to be particularly abundant in the spring and summer by
Lonsdale and Coull (1977) and in the fall by McCrary (1969).
Saphirella spp., Labidocera aestiva and Oncaea venusta were spring
and summer species (McCrary, 1969; Lonsdale and Coull, 1977).

In considering other holoplanktonic forms, cladocerans were only
periodically abundant in the estuarine plankton. Podon spp. were
abundant in the winter (Peters, 1968; McCrary, 1969, see Table V-
10) while Evadne tergestina and Penilia avirostris were abundant
in the summer. Chaetognaths (primarily Sagitta hispida) and
ctenophores (primarily Mnemiopsis) were most common during the
summer, although the chaetognaths could be found throughout the
year (McCrary, 1969; Lonsdale and Coull, 1977).

Decapod 1larvae were generally found 1in the zooplankton of
estuarine and coastal waters during the spring and summer months
(McCrary, 1969, see Table V-12; Dudley and Judy, 1971, =ee Tables
v-17, V-18, V-19; and Lonsdale and Coull, 1977). Some of the
decapod species restricted breeding to a few summer months (e.g.
Clibanarius vittatus), while others exhibited an extended range
from spring through fall (e.g. Palaemonetes sp.) (McCrary, 1969).
Commensal or parasitic decapods (e.g. Polyonix gibbesi, Pinnixa

chaetopterona and Pinnotheres ostreum) proved to be the exceptions
to the general trend of warm weather seasonality, exhibiting
extended breeding from early spring through the winter months.
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In considering other meroplankton, polychaete 1larvae were
moderately abundant in the zooplankton throughout the year
(Peters, 1968; Lonsdale and Coull, 1977), but different species
appear to occur at different times (McCrary, 1969, see Table V-9).
While bivalve -larvae were generally not identified to species,
most were found to have a summer peak of abundance (Peters, 1968;
McCrary, 1969; Lonsdale and Coull, 1977). Gastropods were also
not identified, but most species appeared to have peak breeding
activities in the late spring (McCrary, 1969; Lonsdale and Coull,
1977). Barnacle larvae were abundant throughout the year (Peters,
1968; Lonsdale and Coull, 1977), but McCrary (1969) reported that
at least seven species were known in North Carolina waters, so it
is quite likely that seasonality could be demonstrated if the
larval forms of the species had been taxonomically identified.
Among echinoderms, ophiopluteus and echinopluteus larvae appeared
to be strictly summer forms (Lonsdale and Coull, 1977), but the
asteroid Asterias forbesi breeds during the winter months
(McCrary, 1969, see Table V-13). Finally, the coelenterate
medusae were most abundant during the summer, even though some
species apparently spawned throughout the year (Table V-7),

As previously pointed out, very little seasonal variation has been
noted in the standing crop of zooplankton communities of offshore
waters (Clarke, 1940; Grice and Hart, 1962). Bsharah (1957) did
"note, however, that the biomass of the zooplankton of the Florida
current peaked in the spring. The exact cause of this seasonality
was not identified, but it was suggested that it could represent a
periodic change in the current system or a true biological cycle
similar to that previously reported for zooplankton communities
from the waters off Bermuda (Moore, 1949).

2.3 Relationships to Physio—chemical Parameters

~2.3.1 Temperature Relationships

Temperature is one of the most important environmental factors
that may affect marine organisms. Thermal effects are
particularly important for planktonic forms because they lack the
mobility required to avoid areas with adverse temperatures.
Recently, the thermal additioms by industrial cooling systems have
become of particular concern to ecologists, so thermal tolerance
and entrainment (the passage of the planktonic organisms through
the condensers) studies have become quite common. It was,
therefore, quite surprising that relatively few investigations
into the relationship between zooplankton and temperature could be
found for the inventory area.
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Vernberg and Vernberg (1970) examined the lethal thermal limits
for larval and adult stages of species to the north and south of
Cape Hatteras, North Carolina. Table V-30 shows the results of
the lower thermal lethal limits studiés. The larvae of northern
faunal assemblages were generally more resistant to low
temperatures than the larvae of species taken from a reeflike
formation south of the Cape in the Gulf Stream. Temperature,
therefore, was proposed to be a major envirommental factor in
limiting the distribution of marine animals found in the vicinity
of Cape Hatteras. Of interest to an understanding of larval
transport was the finding that the larvae of some southern species
were more tolerant to low temperatures than the adults. It was
suggested that this physiological capability would allow larvae of
the southern species to survive if temporarily entrained into
colder currents.

Hoss, Coston, Baptist and Engel (1975) examined the effects of
temperature and other factors on larval fish exposed to simulated
entraimment conditions. In the thermal tolerance experiments, it
was found that a cycling acclimation temperature reduced the
effects of thermal shock on larval pinfish (Lagodon rhomboides)
collected near Beaufort, North Carolina (see Figure V-12).
Synergistic effects of chlorine or copper with high temperature
were seen to reduce the ability of larval fish to survive the
thermal shock of entraimnment.

2.3.2 Salinity Relationships

Physiological ecologists have long recognized the importance of
salinity to marine and estuarine organisms. Surprisingly, no
published studies on the effects of salinity on zooplankton could
be found for the inventory area since 1973.

Hopper (1960) studied the effects of salinity changes on open
water zooplankton from South Atlantic waters. Table V-31 shows
the range of salinities tolerated by major zooplankton groups in
order of decreasing resistance. All of the forms through the
copepods on the list were seen to be able to withstand much
greater salinity changes than they would be expected to encounter
in their normal enviromment of the open ocean. Hopper therefore
suggested that salinity may not be a limiting factor in the
distribution of these forms. It must be noted, however, only
short-term acute effects were examined by this study, so no
definite statement can be made concerning the significance of
subtle sublethal effects of salinity in limiting distribution.

Vernberg and Vernberg (1970) examined the salinity tolerance of
larval stages of species taken from waters to the north and a
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FIGURE V-12.
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Percent survival 24 hours after thermal shock
of larval pinfish acclimated to a constant 10°C
and a cycling 7-13°C. X indicates points from
previous experiments (5). Open circles are
estimated points. Each closed circle represents
an average of 21 fish. The average wet weight
of the fish was 24 mg (from Hoss et al., 1975).
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TABLE V-30.
30°/ooC seawater.

Low temperature tolerance of first stage zoea in

(from Vernberg and Vernberg, 1970).

Area and Species

Response

Cape Hatteras region
Cancer irroratus

Reef region
Micropanope sculptipes
Microphrys antillensis

Caribbean region
Podochela gracilipes
Osachila tuberosa
Micropanope sculptipes

Zoea survived and were very
active after 24 hours at 4°C

Died within 3 to 4 hours at 4°c.
At 10°C zoea were inactive
but, if returned to room
temperature after 24 hours, alll
recovered.

Same response as reef animals

TABLE V-31,
Hopper, 1960).

Form

Barnacle
Brachyuran larvae
Natantia

Natantia (Lucifer)
Annelida

Sagitta

Amphipoda
Copepoda
Euphausiacea
Hydrozoan medusae
Tunicata

Salinity tolerance of open ocean zooplankton.

(from

Maximum 7 salinity change allowing

survival time as long as controls

=50 to ?
-20 to +20
=20 to +15
-20 to ?
-20 to +8
-18 to +3
=15 to +5
-7 to +5
-2 to +2
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reeflike formation in the Gulf Stream to the south of Cape
Hatteras. In general, the larvae of the northern species
exhibited much greater tolerance to reduced salinity than the
larvae of reef species (Table V-32). The investigators noted,
however, that the northern species were more typical of inshore
waters while the reef species were characteristic of offshore
waters. The difference in salinity tolerance between the larvae
taken from each area may not have been associated with latitude,
but, instead, may have reflected a contrast between oceanic and
coastal species. The larvae of inshore species would be much more
likely to encounter a wide range of salinities than would oceanic
- forms, so the observed differences in resistance appear to be
adaptive.

2.3.3 Relationships to Other Physio-chemical Parameters

Envirommental factors other than temperature and salinity can have
major effects on zooplankton communities. As previously
discussed, hydrographic conditions, tidal flushing rates, and
wind-driven current patterns can influence zooplankton community
structure, abundance, and distribution. Other physio—chemical
parameters undoubtedly affect the zooplankton, but this research
area appears to be poorly studied for the zooplankton of the
inventory area. Only two studies could be found that investigated
the effects of natural physio-chemical conditions on zooplankton,
and both were published prior to 1973.

Moore and Foyo (1963) examined the effects of temperature,
illumination, and pressure in controlling vertical distribution of
copepods of the Gulf Stream. Sensitivity of copepods to each of
these factors was evaluated in terms of the tendency of change in
condition to elicit vertical migratory behavior. The shallow—
living species were the most responsive to temperature changes,
while the deep—living were the least. On the other hand, deep-
living species exhibited greater sensitivity to illumination
changes than shallow species. A similar trend was noted within
species of wide vertical range: temperature sensitivity decreases
downwards through the population while illumination sensitivity
increases. Although pressure was not specifically examined, it
was speculated that pressure sensitivity was inversely related to
the depth at which the species was found.

Teal (1971) examined the effects of pressure and temperature on
the respiration of vertically migrating mesopelagic decapod
crustacea from the Sargasso Sea. The respiration rates of the
carideans Oplophorus spinosus, Parapandalus richardi, Acanthephyra
purpurea and Systellaspis debilis and the penaeid Sergestes
crassus were measured under various temperature and pressure
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TABLE V-32. Survival of first stage zoea at various salinities
(Vernberg and Vernberg, 1970).

Species Temp.
(°c)

REEF AREA

Pinnotheres maculatus 25

Mithrax acutifrons 20

Dromidia antillensis 20

Osachila tuberosa 20

CAPE HATTERAS AREA
Cancer irroratus 20

Hepatus epheliticus 25

Salinity

(°/00)

20
25
30

10
20
30

10
20
30

10
20
30

10

20
30

10
20
30

Survival

50% dead within 21 h.

moderately active after 48 h.

very active after 48 h.

all dead within 17 h.
all dead within 17 h.
very active after 48 h.

all dead within 17 h.
all dead within 17 h.
very active after 48 h,

all dead within 16 h.
all dead within 16 h.
very active after 48 h.

inactive after 1 1/2 h.
dead within 22 h.

all

moderately active after 48 h.

very active after 48 h.

all dead within 24 h.

moderately active after 24 h,

very active after 24 h,




conditions. Respiration rates of all species were directly
related to both temperature and pressure. These results indicate
a tendency for metabolism to remain relatively constant with
depth, the decrease due to lower temperature offset by an increase
due to rising pressure (Figure V-13). A previous study (Teal and
~ Carey, 1967) reported that the euphausid Thysanopoda tricuspidata
exhibited respiration rates that were 1nversely related to
pressure (Figure V-13). It was speculated that epipelagic
herbivores/detritivores such as the euphausids can save energy by
the slowing of metabolism that occurs as they migrate into the
cold temperatures and high pressures of deep water during the day.
The mesopelagic decapods, on the other hand, are predators that
follow the epipelagic prey through their diurmal migratioms. It
was speculated that these forms have evolved a respiratory
response to pressure and temperature that allows a constant
metabolism throughout their depth range, so that they remain
effective predators by day as well as night. Similar metabolic
patterns might be expected by other epipelagic and mesopelagic
species that undergo extensive diurnal migrations.

2.3.4 Synergistic Effects

Interactions of natural and/or artificial factors quite often
cause effects on aquatic organisms that are much more drastic than
would be predicted from an additive response to the actions of all
agents considered separately. Most of the govermmental regulatory
agencies now recognize the importance of synergistic effects and
suggest that bioassay or other physiological experiments be run
under a range of possible natural conditions. During the 1960s a
lot of research was done by the investigators at the Duke Marine
Laboratory in Beaufort, North Carolina to determine the effects of
the temperature-salinity interaction on larval crustaceans (see
Section 1.1.3). Mass culture techniques and response surface
(contour graph analysis) methodologies were developed and refined
during this work. It is surprising that little of this type of
experimental design has been applied to the study of synergistic
effects of envirommental factors on the zooplankton of the
inventory area since 1973,

Hoss et al. (1975) reported on the synergistic effects of
temperature—chlorine, temperature-salinity and temperature—copper-
salinity combinations on 1larval fish. Larval pinfish Lagodon
rhomboides acclimated to 10 percent salinity had similar survival
rates to those acclimated at 30 percent when exposed to thermal
shock (Figures V-14-A, V-14-C). The thermal resistance of the
larvae was reduced, however, when they were acclimated to water
with 1 ppm copper prior to thermal shock (Figures V-14-B, V-14-D).
Chlorine affected the survival of larval flounder Paralichthys
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FIGURE V-13.
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Respiration of vertically migrating decapods in
the Sargasso. Systellaspis debilis (S.d.),
Acanthephyra purpurea (A.p.), Sergestes crassus
(s.C.), Oplophorus spinoisus (O.s.), Parapandalus
richardi (P.r.). Dashed line is respiration

of euphausid Thysanopoda tricuspidata (Teal and
Carey, 1967). N-position of nighttime population
maximum, D-daytime population maximum from Foxton
(1970) (from Teal, 1971).
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PERCENT SURVIVAL

FIGURE V-14.

Percent survival of larval pinfish 24 hours
after subjection to combinations of thermal
shock and increased copper (1.0 ppm) in the
water. Fish acclimated to 15°C. X indicates
points from previous experiments (5). Open
circles are estimated points. Closed circles
represent an average of 10 fish. The average
wet weight of the fish was 32.8 mg (from
Hoss et al., 1975).
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sp., menhaden Brevoortia tyrannus, and mullet Mugil cephalus at
ambient and elevated temperatures (Figures V-15, V-16, V-17).
Synergistic effects of chlorine and temperature were suspected for
the larvae of all three species, but simultaneous testing of
temperature, chlorine, and the temperature-chlorine interaction
was performed only for the mullet. The experiments with the
mullet larvae confirmed that the interaction between heat and
chlorine was synergistic (Figure V-17).

2.4 Energy Pathways: Metabolism, Nutrient Cycling, Trophic
Relationships, and Production

Recently, a great deal of research has been done on the
metabolism, nutrient cycling, trophic relationships, and secondary
production of the zooplankton community. Much of the work,
however, has been done outside of the inventory area. These
investigations do provide a considerable amount of information
concerning the energy/nutrient flow through the zooplankton, as
well as the methodologies for studying the subject; so some of the
major references will be listed in Section 4.0.

The most comprehensive study of energy and nutrient flow through
zooplankton communities of the inventory area was done by Smith
(1975). Zooplankton from the Beaufort Estuary, the nearshore and
the offshore continental shelf waters of North Carolina were
tested to determine their role in the cycling of nitrogen in each
area. The amount of zooplankton ammonia released only supplied
approximately ten percent of the phytoplankton ammonia and total
nitrogen demand in the Beaufort Estuary (Figure V-18). Data on
the ammonia release by individual species exposed to various
enviromnmental conditions are too extensive to include in this
rggiew,_ ut values for Centropages furcatus populations (ca. 10 mg
m day, ) were highest, with most species having rates closer to
1l mg m~ day . Urea formation and release by zooplankton in the
estuary appeared to be a function of feeding state. Starved
copepods released urea and ammonia in a relatively comstant 1:5
ratio, while recently fed or feeding copepods released more urea
relative to ammonia release (Table V-33). It was suggested that
urea could be a much more important excretory product to the
nutrient flow of the estuary than previously believed. In
addition, the urea:ammonia release ratio was proposed to be a
potentially useful index to the recent feeding history of freshly
captured zooplankton.

During the course of the Beaufort Estuary investigation, carbon
incorporation rates of Centropages typicus, C. hamatus, C.
furcatus, Labidocera aestiva, Pseudodiaptomus coronatus and an

unidentified pontellid copepod were determined (Table V-34).
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PERCENT SURVIVAL

FIGURE V-15.

N LSS/

Percent survival of larval flounder 25 hours
after subjection to combinations of thermal
shock and chlorine. Fish acclimated to 15°C.
Open circles are estimated points. Closed
circles represent an average of 10 fish. The
average wet weight of the fish was 22 mg. (from
Hoss et al., 1975).
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Percent survival of larval menhaden 24 hours
after subjection to combinations of thermal
shock and chlorine. Fish acclimated to 15°C.
Open circles are estimated points. Closed
circles represent an average of 10 £fish.

The average wet weight of the fish was 46 ng.

(from Hoss et al., 1975).
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PERCENT SURVIVAL 24 HOURS AFTER EXPOSURE

FIGURE V-17.
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Percent survival of juvenile mullet 24 hours
after subjection to combinations of thermal
shock and chlorine. Fish acclimated to 24°C.
Closed circles represent a 10°C thermal shock
alone. Open circles represent exposure to 0.3
ppm of chlorine alone. Closed squares represent
exposure to 0.3 ppm chlorine plus a 10°C thermal
shock. Open squares represent exposure to 0.5
ppm chlorine plus a 10°C thermal shock. The
average number of fish per point was 1l. The
average wet weight of the fish was 392 mg.

from Hoss et al., 1975).
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Ammonia nitrogen uptake by phytoplankton and ammonia nitrogen release

by zooplankton in the estuary during eight months of the vear.
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TABLE V-33. Zooplankton urea nitrogen release to ammonia nitrogen
release ratios measured in the estuary. (from Smith,

1975).
Feeding Urea Release:

Species Status Ammonia Release
Centropages typicus Fed 0.99

" " Fed 1.88
Centropages hamatus Fed 2.04

" " Fed 0.80

" " Fed 1.20
Centropages furcatus Fed 0.98

" " Fed 0.50

- " Fed 0.66
Labidocera aestiva Fed - 2,49
Pontellid, unidentified Fed 1.36
Centropages typicus Starved 0.11

TABLE V-34. Carbon incorporation by six speciefAOf copepod mea-
sured after 24-hour incubation in " 'C labelled
phytoplankton (Smith, 1975).

_ _Standard
SPECIES N X Deviation
Centropages typicus 44 1.245 0.918
Centropages hamatus 8 1.259 0.912
Centropages furcatus 7 0.309 0.072
Labidocera aestiva 3 0.480 0.249
Pseudodiaptomus coronatus 2 0.796 0.905
Unidentified pontellid 10 0.407 0.223
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Table V-35 compares the mean carbon incorporation for Centropages
typicus with the other five copepod species. The carbon
incorporation by Centropages typicus was not significantly
different from that found for C. hamatus and Pseudodiaptomus
coronatus. Labidocera aestiva, Centropages furcatus and the
pontellid had significantly lower carbon incorporation rates when
fed phytoplankton, suggesting that they may be mainly predatory in
nature. The grazing estimates for the major species of copepods
tested in feeding experiments are shown in Table V-36. The
percentage of the daily primary production utilized by the
copepods of the estuary ranged from less than 1 percent to over 38
percent.

The second investigation conducted by Smith (1975) examined the
role of zooplankton in the nitrogen dynamics of continental shelf
(both inshore and offshore) waters of North Carolina. Data on the
zooplankton, phytoplankton, and nutrient levels were collected for
the waters of Raleigh Bay and Onslow Bay and the nitrogen release
rates of the plankters were experimentally tested. The nitrogen
regeneration by zooplankton was greater offshore than nearshore
(Table V-37) because of greater water column depth and the
increased specific release by offshore forms. The nitrogen
release:nitrogen demand ratio indicated that zooplankton offshore
supplied relatively more nitrogen for phytoplankton primary
productivity than did zooplankton nearshore. A conceptual model
was proposed to describe zooplankton-phytoplankton interactions of
nearshore, mid-shelf, and offshore waters (Figure V-19, Table V-
37). In inshore waters, the zooplankton graze approximately half
of the daily nearshore primary production, but zooplankton
nitrogen release provides less than 10 percent of the total demand
of the phytoplankton. Nonetheless, the phytoplankton standing
stocks are relatively large because shallow water depth keeps
phytoplankton in the euphotic zone and permits effective nitrogen
regeneration from the benthos as well as the zooplankton and fish.
Offshore, increased water depth restricts nitrogen regeneration to
zooplankton input during vertical migration and excretion by some
of the nekton. Zooplankton 1is not only important to the
phytoplankton community in the regeneration of the nitrogen
required, but also in the cropping of most or all of the primary
production in these offshore waters. In the mid-shelf area, a
depth~dependent, quasi-steady state was predicted for the
zooplankton-phytoplankton interactions: zooplankton grazing,
nitrogen regeneration, and phytoplankton growth are balanced.
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TABLE V-35. Statistical comparison of carbon incorporation by
Centropages typicus with carbon incorporation by five

other copepod species (Smith, 1975).

SPECIES

Centropages typicus
vs, Centropages hamatus
Centropages typicus

Degrees of
Freedom

vs. Pseudodiaptomus coronatus

Centropages typicus

vs. Centropages furcatus
Centropages typicus

vs. Labidocera aestiva
Centropages typicus

vs. unidentified pontellid

*N.S. = not significant; S = significant

50

44

49

45

52

0.040
0.685
6.638
3.844

5.372

Significance
at 95%*
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TABLE V-36. Zooplankton grazing estimates for the Beaufort Estuary (from Smith, 1975).

Month

Sep

Oct

Nov
Dec

Jan

Feb

Mar

Apr

1)

Copepod
Abundance_,
Copepod Species (number.m )

Centropages 8,400

furcatus
Pseudodiagtomus 16,800

coronatus
- 19,200
Centropages 8,760

hamatus

Centropages 8,760
hamatus

Centropages 6,000
typicus

Czntropages 9,000

hanatus

C:ntropages 13,560

tvpicus

“from Thayer et al. (1974)

b

from Appendix 2

(2) (3)

Mean Range
Copepod Copepod
Grazgng Grazgng
Rate _Rate_
(ugC-individual “-day ')
0.039 0.25 - 0.44
0.796 0.156~1.436
0.044 0.044
0.248 0 -0.495
1.322 0 -3.281
1.259 0.307-2.558
0.278 0 -0.509

ccalculated from ratios of butler, Corner and Marshall (1970}

df:um Thayer (1969)

(4)
Estimated

)

Copepod Fecal Fstimated

Prodgction
Rate _,
{(ugC+ind " .day
0.433
1.114

0.062
0.347
1.851
1.763

0.389

Primary
Production -2
(mgCyvm

496

84

157
125

(125)

(s) (7)
Estimated Daily
Grazing Rate

by zooplankton L
[(2h£{4)1x (1) (6)x100
~day ) (5)

6 1

32 38

-1 21

5 4

19 12

27 22

9 (7}

'
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TABLE V-37. Zooplankton and phytoplankton data collected on the N, C. cont;nehtal shelf
(smith, 1975).

1972 1973 1974
Near- Off-~ Near=- Of £~ Near- off-
shore shore shore shore shore shore
(1) Phytoglankton atanding 15.6 19.6 26.8 17.0 10.9 10.2
stock (mgNem
(2) Nitroqeg primary ,Proy 12.9 15.6 2.4 - 49.3 31.4
duction  (mgism “-d )
(3) Zooplgnkton standxng 108 594 86 455 179 614
stock™ (mgN.m
(4) zaoplagkton gra§1n91 68.0 374.7 39.3 169.5 341.0 6l17.4
impact™ (mgN-m +d ")
(5) Zooplaakton graiingl . 4.6 25.6 2.7 16.6 23.2 42.3
impact™ (mgN-m )
(6) % (4) x lao 527 2402 1638 - 692 1966
(2)
(7) Zooplankton nitroget_l2 -1 9.7° 53.4e 2.3 9.8 4.3 20.7
regeneration (mgNem ~-d )
(8) & (7) x 100 75 342 9s - 9 66

(2)

2Estimated from chlorophyll a measurements (Strickland, 1960; Strickland et al.,
1969).

bEstimated from carbon primary production using a C:N ratio of 8:1 (Strickland
et al., 1969).
c

d

Estimated using estuary grazing data.
Estimated using grazing rate from Northwest Africa.
eEstimated using estuary regeneration data.

fEstimm:ed using wet weight:carbon ratio of Mullin (1963] and C:N ration of 8:1
(Strickland et al., 1969}.
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FIGURE V-19.

Conceptual model of nitrogen dynamics in coastal
North Carolina waters (from Smith, 1975).
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To summarize the =zooplankton—-phytoplankton nitrogen dynamics in
the systems studied by Smith (1975), the ratios of zooplankton
nitrogen regeneration to total nitrogen demand by phytoplankton in
the estuary and nearshore coastal areas were shown to be quite
low, but quite similar to those found in other eutrophic systems
(Table V-38). The offshore coastal waters were more typical of
oligotrophic areas, with zooplankton regeneration providing the
major nitrogen source. The phytoplankton was highest in the
estuary, and moderate in nearshore and offshore continental shelf
waters. The primary production was greater in nearshore waters
than in the estuary or in offshore areas. Zooplankton standing
crops increased from the estuary to offshore areas, as did the
percent of the primary production grazed by the zooplankton.
Thus, the persistence of zooplankton in the oligotrophic offshore
system depends upon their phytoplankton food supply, while
phytoplankton growth 1is supported primarily by zooplankton
nitrogen release. In the eutrophic systems zooplankton compete
with other communities for the phytoplankton food supply and
provide relatively less of the total nitrogen demand. Smith
concluded that most marine systems probably have quantitative
biological characteristics which fit into a nitrogen dynamics
spectrum whose boundaries are set by eutrophic and oligotrophic
systems.

Alldredge (1972, 1976) studied the importance of discarded
appendicularian houses to food chains of the Gulf Steam and the
Gulf of California. The population densities of Oikopleuridae in
the Florida Current are shown in Table V-39 and the density of
abandoned appendicularian (larvacean) houses are shown in Table V-
40, Alldredge (1972) observed that copepods and other crustaceans
were found on the discarded appendicularian houses (Table V-40).
Oncaea mediterranea (Copepoda:Cyclopoida), Microsetella norvegica

(Copepoda:Harpacticoida), Paracalanus aculeatus (Copepoda:
Calanoida), Conchoecia rotundata (Ostracoda) and euphausiid larvae
were all observed resting and/or feeding on the discarded houses.
Oncaea mediterranea was experimentally shown to be able to feed
upon the houses, although it was suggested that the nannoplankton
and other particulate matter clogging the filters of the discarded
houses might be a major food source for other pelagic copepods.
Since the discarding of houses occurs at a rapid rate (up to six
times per day) and the rate appears to be directly proportional to
the amount of particulate matter in the water (Figure V-20), the
abandoned houses were proposed to be a previously unrecognized
supplementary food source that allows higher trophic levels to
assimilate effectively the energy from nannoplankton and other
particulate organic matter previously considered too small or too
dilute for suspension feeding (or predatory) mechanisms to
capture. The houses were also suggested to be a source of
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TABLE V-38,

(from Smith, 1975).

Phytoplankton

Standlgg
Stock 2
(mgN-m )
North Carolina 10.2
Continental Shelf,
Offshore
North Carolina 10.9
Countinental Shelf,
Nearshore
Newport River 16.5
kstuary
Northwest Africa 290.8

Upwelling

(2)
Nitrogen
Primary
Prodg-tion_1
(mgN-m ~-day ")

31.4

49.3

36.1

250.3

Zooplankton
Standing
StOCE
{mgN+-m

614

179

262

Zooplankton
Grazing
(mgN-m

429

|

(5)

(4) x 100
(2)

1966

692

(6)
Zooplankton
Nitrogen
Reqegﬁfatigg
(mgNem “+day )

20.7

155.3

Data on zooplankton-phytoplankton interactions collected in four marine systems

n
t

16) x 100

(2) .

66

19

62




TABLE V-39. Population densities of Oikopleuridae in the
Florida Current as determined by simultaneous
Clarke-Bumpus opening-closing net tows and direct
visual counting. The methods give statistically
equivalent results using a t-test for paired
observations (T = 1.25; P >0.25). (from Alldredge,

1976)
Visual Net Oikopleuridae m3
method method visual net
Date 3 method method
(m~ sampled)

4 Nov 0.43 25.34 9.9 13.7
12 Nov 0.38 20.40 30.0 31.4
17 Nov 0.42 14.66 21.3 140.6
20 Now 0.42 22.86 14.7 29.9
24 Nov 0.26 17.10 83.3 80.4
26 Nov 0.10 20.39 100.0 148.1
20 Jan 0.20 11.37 150.0 109.4

8 Feb 0.39 13.47 84.0 74.3
16 Feb 0.29 10.78 13.7 25.0
23 Feb 0.42 8.30 49.5 50.0
24 Feb 0.18 13.00 23.0 120.0

2 Mar 0.41 8.32 9.8 10.9

4 May 0.40 4.96 7.5 7.2
M 56.4 64.7
sDh 50.8 46.6
SE 14.1 12.9

V=97 -




TABLE V-40.

14
19
12
17
20
24
26
12
20

16
23
24
30

Frequency of occurrence of copepods (predominantly

Oncaea mediterranea) feeding on abandoned larvacean

houses in the Florida Current. House densities
were obtained by direct visual counts at depths of
10 to 15m3 A Plexiglas rod grid (10 by 20 by 20cm,
or 1/250m™~) held before the diver's faceplate

served to delineate volume.

One hundred such grids

were counted on each dive; N, number of houses

(from Alldredge, 1972).

Date

October 1971
October 1971
November 1971
November 1971
November 1971
November 1971
November 1971
January 1972
January 1972
February 1972
February 1972
February 19272
February 1972
March 1972
April 1972

Mean

Aban-
doned
larvacean
houies
(N/m™)

114.0
44.4
58.9

268.8
74.5

478.7

496.0

115.4

603.4

387.8

623.0

275.2

3992.9

540.3

466.5

3292.8

Houses
with
copepods

(%)
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FIGURE V-20.
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% discarded

60

0-9¢9 100=199 200=299 300-399

colonies m

The percentage of houses found discarded and the
percentage of discarded houses found damaged
by Trichodesmium as a function of Trichodesmium

density in the Florida Current (from Alldredge,

1976) .
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particulate organic matter to the oceans, with absorption of
dissolved organics and colonizatioon by microorganisms acting to
increase the aggregate size and organic content. A further
speculation was that the discarded houses provided sources of
physical structure and spatial heterogeneity to the plankton
community, which could have considerable impact on the adaptive
strategies, resource partitioning, and microdistribution of the
zooplankton, phytoplankton, and microorganisms of the system.
Clearly, the ecology of macroscopic aggregates of zooplankton
origin merits further study.

Briggs (1977) examined the respiration and ammonium excretion by
open ocean gelatinous zooplankton of the tropical and subtropical
waters of the Sargasso Sea. The respiration and excretion rates,
as well as the oxygen:ammonium ratios for various groups of
gelatinous zooplankton are shown in Tables V-41 and V-42,
Ecological differences between the groups of gelatinous
zooplankton contribute to differences in metabolism. Among the
siphonophores (Table V-41) the cystonects had considerably lower
respiration and excretion rates than the physonects, probably due
to the 1lack of swimming bells in the former group. The
calycophore siphonophores were highly variable in respiration and
excretory rates, depending upon the relative activity of the
particular species. Among other groups of gelatinous zooplankton
observed by Biggs (1977) (Table V-42), most herbivores had high
rates of respiration and excretion, especially small forms like
doliolids. Cydippid and cestid ctenophores and many medusae had
low rates of respiration and excretion, while muscular, active
swimmers such as Pelagia noctiluca and Ocyropsis maculata had
higher rates.

The oxygen:ammonium ratios varied considerably between the
planktonic groups, depending upon trophic relationships.
Carnivorous forms such as the medusae, siphonophores, ctenophores
and heteropods generally had values ranging from eight (indicating
primarily protein catabolism) to 24 (indicating catabolism of
equivalent weights of proteins and lipids). In general, the
ratios for the herbivorous forms were much higher, indicating a
diet more dependent on 1lipids and carbohydrates. It was noted,
however, that the siphonophore eudoxids had high oxygen:nitrogen
ratios indicative of  nonprotein catabolism Dbecause these
reproductive forms appear to subsist on carbohydrate or lipid
reserves during their relatively brief existence.

Biggs (1977) also examined the significance of gelatinous
zooplankton in the cycling of nitrogen in the open ocean. Many of
the larger physonect siphonophores, scyphomedusae, heteropods, and
sg}ps regenerated ammonium at rates exceeding 0.3 ug-atom NH, =N
h -, At average densities encountered during his study, Biggs
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TABLE V-41. Respiration [ul O, (mg protein-h)—l] and 0:NH ,+ ratio for siphgnophores of
three different sizes (from Biggs, 1277).

Respiration [pl 0, (mg prote.ln-h)-ll Excretion [ug NH_ +(mg )roteln—g-lj O:NH + ratio
0.1-1.0mg 1.1-10.0mg 10.1-100mg 0.1-1.0mg 1.1-0.0mg 10.1-100mg all sizes
N Mean + S| N Mean + S| N Mean + S [N Mean + SN Mean + S | N Mean + S [N Mean + S
Suborder Physonectae
Agalma okeni (1) 12+43.9 (46} 1245.5 (5) 6+0.8 (3) 1.3+0.8 } (15) 1.0+0.6 |(4) 0.6#0.1 {22} 19+7.8
Agalma elegans (4) 39412.7 (3) 16+42.5 - - - - -
Cordagalma cordiformis (6) 27+4.0 - - (4) 2.5%0.7} - - (4) 16t+1.9
Nanomia bijuga (8] 31#5.1 [(11) 14+3.3 - (5) 1.540.7 | (3} 1.040.5 | -~ (7) 38+420.5
Forskalia edwardsi; F. (8) 20+7.1 (10} 17+4.7 (2) 15+0.1 (6) 1.1+0.5 (8) 1.3#0.2 | - 14) 25+8.0
tholoides -
Athorybla rosacea (1) 86.2 (4) 11+2.3 (5) 5+2.3 (1) o0.9 (3) 0.840.2 [(4) 0.7+0.2 (8) 17+14.1
Athorybia sp. 3) 40+413.7 |- - 1 3.3 (2) 1.540.1 § - (3} 22¢3.6
Suborder Cystonectae
Bathyphysa sibogae ' - a) 6.9 (4)  610.9 - (2} ©0.5+0.3 [(4) 0.3+0.1 |(5) 20+8.1
Rhizophysa filiformis - (2) 5+2.5 (6) 441.4 - (2} 0.3#0.1 [(5) 0.340.1 (50 23+ 7.6
Suborder Calycophorae
Stephanophyes superba (4) 2243.2 (13) 1446.3 - (2) 1.840.4 (4) 1.140.6 | - (6} 2248.1
Rosacea cymbiformis (2) 8+3.6 (11)  8+2.5 - (4) 0.840.4 (9) 0.640.3 | - 11} 23+10.3
biphyes dispar (7} 17%7.4 | (4) 12¥3.8 1(6) 440.9 (2] 0.630.1} (3) 1.080.4 | (S} 0.3+0.1 {10) 25+7.4
Sulculeolaria quadrivalvis (3) 45+17.1 (6) 36413.9 (1) 21.3 (2) 2.140.3 (7} 2.441.7 {(1} oO.8 (9) 2949.8
Sulculeolaria monoica (7) 32E15.2 (2) 21+2.3 - (6) 1.540.9 1 (2) 1.640.3 | - (7) 36421.0
Sulculeolaria chuni (4) 75+25.2 |- - (4) 2.741.0} - - (4) 50423.9
Sulculeolaria biloba - (2} 13+0.5 - - (2] 1.240.2 | - (2] 17+2.3
Abyla sp. - 3) 540.5 - - 31 0.540.2 { ~ - 3) 1745.5
Chelophyes appendiculata - (5] 8+3.3 - - (3} 0.540.2 } - {3) 2649.5
lippopodius hippopus () 17.3 (08} 3.5 - - - - -
eudoxid phase, Diphyes dispar {(2) 78420.2 |~ - (2) 1.440.7 } - - (2} -121%78.7
eudoxid phase, Ceratocymba sPJ a) 7.6 (1} 2.3 - (1} o.8 ) o.1 - (2} 88+52.9
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TABLE V-42. As Table V-41, but for gelatinous zogplankton, other than siphonophores, QfA
three different sizes (from Biggs, 1977}, '

Hiydromedusae
Aequorea sp.
Orchistoma sp.
Cunina sp.

Scyphomedusae
Pelagia noctiluca
Aurelia sp.

Ctenophora
Eurhamphea vexilligera
Cestum sp.

Ocyropsis maculata

Heteropoda
Pterotrachea hippocampus

Pteropoda: Pseudothecosomata
Corolla spectabilis
Gleba cordata

Thaliacea

Salpa cylindrica, solitary

Salpa cylindrica, aggregate
Salpa maxima, solitary

Salpa maxima, aggregate
Pegea confederata, solitary
Pegea confederata, aqgregate
Thalia democratica, solitary
Thalia democratica, aggregate
Brooksia rostrata, aggregate

miscellaneous doliolids

Respiration {pl 0_(mg pmtein-h)’ll

Excretion [ug NH +(mg

rotein-h) "}

0:NH + ratio

0.1-1.0mg 1.1-10.0mg 10.1-100mg 0.1-1.0mg 1.1-10.0mg 10.1-100mg all sizes

N Mean +S [N Mean + S|N Mean + S| N Mean + S|N Mean + S| N Mean + S (N Mean s
- (33 7:0.8 |(1) 12.8 - (3) 0.7+0.4 (1) 1.1 (1) 19412.7
- (3) 1412.8 - - (3) 1.540.6 | - (3) 1644.7
(5)  744.7 (2) 6+0.8 - (3) 0.410.1 [(2) 0.840.1 | - (S) 20+11.4
- (1) 16.0 (3) 1641.7 |- (1) o.8 (3) 1.240.6 | (4) 2345.4
- 1) 6.0 (2)  340.6 |- - 1) o.2 ay 23.4
(2) 21+0.9 (5) 1142.9 - (1) 1.0 ) 1.2 - (2} 2248.5
1y 22.6 (2) 17+3.5 - 1) i.1 (2) 1l.040.1 | - (3} 2744.5
- - (3) 13+3.4 |- - (3) 2,940.7 | (3 741.2
- (8] 1942.5 - - (8) 3.040.9 | - (8) 13#+6.1
(5) 18+2.9 (9] 1643.0 |(3) 11+2.3 |~ (2) 0.240.1 (21 o0.310.2 | (3) 89+37.6
- 1)} 16.5 (1) 8.7 - 1 o.5 a) o.2 (21 54+4.6
(2) 55%1.4 11} 3046.5 - (2)  3.1#0.6 [(7) 1.841.1 |- (9) 314136
(m 390718 |- - (71 1.9%0.8 |- - (71 33#10.1
- (3) 28+7.1 - - (31 1.540.1 | - (5) 28+7.8
(2} 441,58 (51 14%1.9 - - (2} 1.240.1 |} - (21 18+1.8
- (11 35.5 - - Qaj 0.9 - (51 41+14.6
(14) 2045.7 (7} 22410.4 | - (11} 0.840.6 [(5} 1.0t0.3 | - (15) 51+24.0
(6) 23+7.6 - - - - - -

(9) 1643.5 - - - - - -

(4) 192438 - - - - - -

(4) 54+414.7 |- - (3) 2.241.6 |~ - (6) 45+24.0




calculated that these gelatinous =zooplankters would be able to
supply 39 to 63 percent of the ammonium requirements of the
phytoplankton community of the area. He noted that these forms
would have the same excretion impact as all of the other
zooplankton present in a cubic meter of water, if excretion rates
for Atlantic zooplankton could be considered roughly equivalent to
that found in previous studies on plankton from the North Pacific.

The nutrient recycling by gelatinous =zooplankton can explain
certain trends seen by Smith (1975) in the Atlantic Ocean. She
reported that zooplankton (principally copepods) regenerated 66
percent of the total nitrogen demand of the phytoplankton in the
oligotrophic open ocean waters off North Carolina. The conceptual
model that she proposed predicted, however, that the zooplankton
would regenerate more than enough nitrogen to meet the total
nitrogen demand by the phytoplankton in oligotrophic waters.
Smith attributed the discrepancies between the model and empirical
data to be due to inaccuracies in certain basic assumptions. The
recycle rates described by Biggs (1977) for the gelatinous
zooplankton are of equal magnitude to that of the zooplankton
community collected by Smith for excretion experiments. The
combination of regeneration rates for the "net” zooplankton (i.e.
those that appeared in good condition following collection with a
plankton net) reported by Smith (1975) and the hand-collected
gelatinous zooplankton reported by Biggs (1977) would likely equal
or exceed the total nitrogen demand by the phytoplankton in
of fshore waters. The conceptual model by Smith (1975), therefore,
may not have been inaccurate after all, but rather the nitrogen
regeneration of the entire =zooplankton community was not
considered. A combination of collection techniques including
plankton nets and hand sampling by scuba divers appears to be a
fruitful approach in future work considering the nutrient/energy
dynamics of the zooplankton community of the open ocean.

Several studies in the 1inventory area have examined the
interaction between the =zooplankton community and planktivorous
fishes. Dixon (1975) studied the feeding habits of the vermilion
snapper, Rhomboplites aurorubens, in the outer continental shelf
waters of Onslow Bay, North Carolina. Table V-43 gives the
results of stomach content analysis done on the vermilion snappers
caught during the study. The vermilion snapper was seen to feed
upon small mesopelagic organisms. Most (72.6 percent) of the food
items were planktonic crustaceans smaller than 20mm in length.
This estimation was felt to be conservative since the smaller
forms are so fragile that they are digested rapidly. It was
therefore concluded that the vermilion snapper feeds on small
mesoplankton in the water column and does not substantially
compete with bottom-foraging species.
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TABLE V-43.

Stomach contents of 15 vermilion snappers (281 to 586mm total length)
collection from Onslow Bay, N.C., March 1972 to Novemhey 1972

Stomach
Contents

FISHES
Unidentified
INVERTEBRATES
Crustaceans
Copepod
Ostracod
Isopod
Rock shrimp
Euphausid shrimp
Crab, unidentified
Reptantia
Anomuran zoea
Amphipod
Stomatopod
Crustacea, unidentified
Molluscs
Squid
Gastropod
Annelids
Polyehaete fragments
Sipunculid larva
TOTAL

MISCELLANEOUS
Egg mass
Algae, Ceratium
Unidentified food

Number

— ~ oo
W WV ==~ NOD N~

w

——
-NN

o
w

Relative
No. (%)

S8y
. s o

s

o ¢ o 8 e e e o s &

SO RAN W= OOWr =0~ NSNS

Ll [V
RN WNWUME =R WO g W

Frequency Relative
of Oecurr. Freq. (2)

4 26.7
4 26.7
8 53.3
8 53.3
2 13.3
1 6.7
2 13.3
1 6.7
2 13.3
1 6.7
1 6.7
2 13.3
5 33.3
1 6.7
1 6.7
3 20.0
2 13.3
1 6.7
1 6.7
1 6.7
1 6.7
15

2 13.3
1 6.7
3 20.0

(Dixon, 1975).,




Kjelson, Peters, Thayer and Johnson (1975) examined the food
preferences, feeding intensity and chronology, gut evacuation
rates, and daily rations of post-larval stages of menhaden,
Brevoortia tyrannus; pinfish, Lagodon rhomboides; and spot,
Leiostomus xanthurus from the Newport River estuary, North
Carolina. Copepods composed 99 percent of the gut contents of the
three fish species (Table V-44). Acartia tonsa, Centropages spp.,
Temora turbinata and Harpacticoida (later identified as Euterpina
acutifrons; see Thayer et al., 1974) were the dominant species fed
upon by the larval fishes. Apparently these copepods were the
only zooplankters in the estuary that were of the appropriate size
and present in sufficient abundance to be suitable food items.
The larval stages of all three fish species had highest food
content 1in their guts near midday (Figures V-21 through V-23).
The data indicate that the larval fish have one major burst of
feeding activity during the early daylight hours. The methods of
capture and laboratory handling both had significant effects on
the gut contents of the menhaden larvae, but not on that of
pinfish or spot (Tables V-45 through V-47). Tables V=48 and V-49
show the regression equations that describe the gut evacuation
rates of the three species. These evacuation rates were used in
conjunction with information on chronology of gut contents to
determine daily rations (Table V-50). Daily ration estimates as a
percent of the fish's .wet weight were: menhaden 4.9 percent,
pinfish 3.5 percent, spot 4.3 percent and 9 percent. The ration
estimates in terms of calories were similar to those determined
from oxygen consumption measurements for spot larvae, but were
lower than the estimates from oxygen consumption for menhaden and
pinfish. It was proposed that more extensive sampling under
varied envirommental conditions and zooplankton abundance and
repeated evacuation rate measurements would provide more accurate
estimates of the daily rations of the fish larvae. The importance
of copepods to the diets of juvenile menhaden, pinfish, and spot
was obvious nonetheless.

Thayer et al. (1974) confirmed the importance of zooplankton to
the diet of 1larval fish entering the Newport River estuary.
Estimates of the energy content of zooplankton standing crop, the
larval energy requirements, and the percent of the zooplankton
standing crop utilized by the larval fish population are shown in
Table V-51. Acartia tonsa, Centropages spp., Temora turbinata and
Euterpina acutifrons appeared to be the major food items to the
larval fish of the estuary. These species decreased from
representing 81 percent of the biomass 1in early spring to 48
percent during the early summer. The greatest decrease occurred
during the time of peak larval fish abundance in the estuary,
indicating that the larvae have a significant effect in reducing
the standing crop of certain major zooplankton species. Even
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FIGURE V-21. Variation in diel cycle of gastrointestinal

contents in postlarval spot (from Kjelson et al.,
1975).
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FIGURE V-22.
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Variation in diel cvcle of gastrointestinal
contents in postlarval Atlantic menhaden
(from Kjelson et al., 1975).
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FIGURE V-23. Variation in diel cvcle of gastrointestinal con-
tents in postlarval pinfish (from Kjelson
et al., 1975).
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TABLE V-44. Relative (percent) composition by number of the major
taxa in the total gut contents of three species of
larval fish. (from Kjelson et al., 1975).

Larval species

Taxa Pinfish Spot Menhaden
Harpacticoida 32 32 22
Centropages 28 28 40
Temora 3 21 6
Acartia 13 8 30
Other copepods 23 10 1
Other organisms 1 1 1
Total 100 100 100

TABLE V-45, The effect of bongo net tow stress upon the amount of
food observed in larval menhaden, pinfish, and spot.
(from Kjelson et al., 1975).

Capture technique Menhaden! Pinfish2 Spot3
Mean number copepods/fish * one SE
Channel net 7.4 + 2 1.3+ 0.6 6.4+ 4.4
Channel net +
bongo net tow 2.4+ 0.7 0.8+0.37.0+2

1n = 22 larvae.
n = 18 larvae.
n = 5 larvae.
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TABLE V-46.

Comparison of food quantities, mean number of cope—
pods per fish * one SE, present in larval spot
(22-33mm, x = 27mm) collected by haul seine using
rough and gentle handling techniques. Ten fish were
collected per sample. (from Kjelson et al., 1975).

Date Gentle Rough

April 2 84.5 + 7.4 78.6 + 5.3

April 3 69.7 + 5.9 66.9 + 5.5

TABLE V-47. The effects of handling on the retention of Artemia
nauplii in digestive tracts of larval Atlantic
menhaden, pinfish, and spot. Rough handling is
approximately equivalent to field capture by dip net
and haul seine. (from Kjelson et al., 1975).
Experiment 1 Experiment 2
Species
(Range mm) Gentle Rough Gentle Rough
-—=== Mean number * one SE ————-

Menhaden! 71 +15 29 +10 14510 76 * 11

(28-32)

Pinfish? 37+ 4 34+ 5 35+ 9 43+ ¢

(16—50)

Spot 51+ 5 47 + 5 89 + 7 92 +10

(19-23)

ln = 18 larvae per sample.

2n = 36 larvae per sample.
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TABLE V-48. Linear regressions describing evacuation of copepods
in Atlantic menhaden, pinfish, and spot larvae.
Y = A + Bt where Y = log,, {1 + mean number of
ecopepods per larva) and t = hours since feeding.
n = the number of data points. (from Kjelson et al.,

1975).
Mean TL Tempera—-
(Range ture
Species mm) A B n r2 (°c)
Menhaden 29 1.14 -0.17 3 0.98 16
(27-31)
Pinfish 17 0.94 -0.10 3 0.86 16
(15-20)
Pinfish 16 0.68 -0.08 4. 0.98 17
(13-19)
Spot 20 0.99 -0.10 5 0.98 17

TABLE V-49, Linear regressions describing evacuation of Artemia
nauplii in Atlantic menhaden, pinfish, and spot
larvae under varied handling conditions. Y = A + Bt
where Y = log 0 (1 + mean number of Artemia per
larva) and t = hours since feeding. n = the number
of data points. (from Kjelson et al., 1975).

Mean TL Tempera-
(Range Handling  ture

Species mm) A B n  rl condition (°C)

Menhaden 29 2,36 -0.28 5 0.96 Gentle 15
(27-32)

Menhaden 29 2.06 -0.34 3 0.86 Rough 15
(27-32) :

Pinfish 16 1.64 -0.26 4 0,97 Gentle 16
(14-18)

Pinfish 16 1.73  -0.28 3 0.92 Rough 16
(14-17)

Spot 20 2.12  -0.19 5 0.9 Gentle 16
(18-23)

Spot 20 2.11 -0.18 5 0.95 Rough 16
(18-23)
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TABLE V-50. Daily rations calculated from feedin§ studies and 02
consumption measurements at 15° - 17° for larval
Atlantic menhaden, pinfish, and spot in the Newport
River estuary, North Carolina. (from Kjelson et al.,

1975).

Species Mean larvae Number Percent Calories/fish day
(range wet weight copepods/ of body Calories/ estimated f{og 02

mm) (mg) fish day weight fish day consumption®,
1972:
Menhaden 43 53 4.9 1.18 3.0
(27-32)
Pinfish 32 38 3.5 0.63 1.2
(16-20)
Spot 33 47 4.3 0.78 1.2
(17-23)
1973:
Spot 33 99 9.0 1.65 1.2
(17-23) :
1

From Hettler and Hoss, unpubl. data.
3.38 cal/mg 0,.
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TABLE V-51. Estimates of zooplankton standing crop energy, daily
larval energy requirements, and percent of the standing
crop of zooplankton utilized to satisfy the energy
requirements of the larval fish population in the
Newport River estuary. (from Thayer et al., 1974).

Date

January 1970
February
March

April

May

Larval
energy
Zoo~ needs
planktgg (per dgg) Percent!
(cal m ) (cal m ) utilized
53.6 1.3 2.7
62.3 4.3 7.6 \
136.2 13.7 11.2
94.6 20.4 24,0
28.6 1.1 4,2
mean 9.9

1Assumes a 90 percent assimilation efficiency.




though the energy content of the zooplankton community was seen as
being an insignificant fraction of the total energy flow to
carnivores in the Newport River estuary, it was proposed to
control the survival of fishes during their transition from larvae
to juveniles.

2.5 Simulation of Community Dynamics

A relatively new research area is the simulation of natural
zooplankton community dynamics through experimental, mathematical,
or computer models. Experimental microcosms allow the
investigator to manipulate living models of natural systems to
determine the effects of envirommental perturbations on
zooplankton community dynamics and energy flow (Beyers, 1963;
Abbott, 1966). The use of large plastic bags (coined CEPEX for
Controlled Envirommental Pollution Experiment) to enclose
components of natural systems has great promise for assessing the
effects of pollution on zooplankton dynamics (Reeve, Grice,
Gibson, Walter, Darcy and Ikeda, 1976). A number of methods have
been proposed to mathematically or graphically estimate secondary
production of natural zooplankton populations (Mullin, 1969;
Winberg, 1971). These methodologies often use a combination of
laboratory and field data along with hypothetical mathematical
relationships to estimate energy or biomass production by the
zooplankton. Analog and digital computer models have been used to
simulate the dynamics and energy/nutrient flow of planktonic
communities (Heinle, 1969; Kremer and Nixon, 1975) as well as
entire ecosystems (Odum, 1970). These models simplify the real
world to provide information concerning energy/nutrient flow,
diversity and community structure dynamics, inputs and outputs
from the system, and how the particular system can be stressed or
disturbed. Although some research is now in progress that will
utilize computer simulation to model the results of
interdisciplinary ecosystem studies (see Appendix A Material Flux
- Stancyk; Ecosystem Management - Kjelson), little previous work
of this type could be found for the inventory area.

O0dum and Chestnut (1970) reported on preliminary findings of a
microcosm study designed to analyze the ecosystems that develop
when treated sewage wastes are introduced into estuarine waters.
One component of the program involved the monitoring of
zooplankton and larval populations that become established in
control and treated ponds. The ponds that were enriched with
treated sewage wastes (P) had a much greater total secondary
production than the control ponds (Table V-52). Copepods were
quite abundant in all ponds, with reproducing populations of
Acartia tonsa, Pseudodiaptomus coronatus, Oithona sp. and
Harpacticoida dominating the plankton throughout most of the year
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TABLE V-52,
1970).
c-1 Cc-2

Aug. 1,410 11
Sept. 4,883 45
Oct. 14 55
Nov. 57 2,200
Dec. 17 35
“Jan. 76 34
Feb. 164 16,386
Mar. 346 15,235
Apr. 6,084 128,512
May 3,604 97,952
June 40,156 127,244
July 14,949 10,863

c-3

62

254
1,913
2,532
46

23
2,936
550
17,099
40,884
137,530
9,957

P-1

2,670
4,217
6,619
7,443
25

51
8,774
36,106
4,759
20,801
897, 304
2,867,279

P-2

4,918
59,696
27,604

2,709

8

12

864

301

7,549
1,858
323,951
1,336,422

Total zooplankton-number per cubic meter (Odum and Chestnut

P-3

4,613
12,239
9,711
27,929
7,180
18
3,536
2,167
6,652
7,603
1,491,451
903, 299




(Table V-53). Oithona sp. populations peaked during the summer
months in the sewage enriched microcosms with numerical abundance
soaring to millions per cubic meter and the virtual elimination of
other planktonic copepods from these ponds. Palaemonetes were
also successful inhabitants of the ponds, with active spawning
during the summer months. Polychaete larvae (predominately
Polydora ligni and Streblospio benedicti) were much more common in
controls than in the treated microcosms, while Uca zoea exhibited
greater abundance in the P ponds. In general, the 1level of
diversity in the zooplankton was quite low in all ponds, but those
forms which were successful were quite productive, especially in
the sewage enriched ponds.

A computer model of the pond microcosm was designed to incorporate
data from the various studies and simulate the energy and nutrient
dynamics of the type of ecosystem that develops in sewage enriched
estuarine areas (Figure V-24). The calculations of standing stock
and metabolic flux for the zooplankton communities that are
required for the model are shown in Table V-54. The model was not
completed at the time the report was written (Odum and Chestnut,
1970), and, as far as can be determined, the final results from
the project have never been published. The combination of an
interdisciplinary approach and a systems model to give an overview
analysis of the data does, however, hold great promise for future
ecological work.

2.6 Man's Impact on Zooplankton Communities

Man's activities in the estuarine and marine enviromments can
potentially have a great number of different effects on the
zooplankton community. Unfortunately, natural sampling
variability of the zooplankton often frustrates the interpretation
of field data from areas impacted by pollution. There has been a
recent trend, therefore, for investigators to wuse laboratory
(bioassay) experiments and the combination of field and laboratory
investigations to detect significant effects of various pollutants
on zooplankton. Investigations into the effects of heavy metals,
petrohydrocarbons, oil dispersants, chlorinated hydrocarbons,
sewage wastes, dredge spoils, kraft process pulp wastes, and
multiple industrial wastes on zooplankton have been conducted in
recent years, but most research has been outside the inventory
area (see Section 4.0). Though generally not as urbanized or
industrialized as the Northeast, the estuaries and coastal areas
of the southeastern U. S. are rapidly being developed; so it would
appear that the effects of man on zooplankton communities will be
a major research topic in the future.
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TABLE V-53,
1970).
c-1 c-2

Aug. 1,400 6
Sept. 4,768 0
Oct. 5 30
Nov. 57 1,888
Dec. 2 2
Jan. 3 0
Feb, 1 64
Mar. 35 0
Apr. 1,344 4,224
May 2,362 79,264
June 29,504 92,416
July 13,798 1,649

256
192
65,648
3,904

P-1

2,581
4,150
6,608
7,425

21

46

5,290
16,256
256
14,080
424,960
1,765,376

P-2

4,502
59,598
27,599

2,627

1

1

288

96
2,848
554
68,865
808,960

Copepods—number per cubic meter (Odum and Chestnut

P-3

4,014
12,139
9,569
27,918
7,171

7
1,296
672
1,728
1,749
1,490,304
290,816
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TABLE V=-54. Calculations of stock and flux of the zooplankton
community for use in pond system energy model
(from Odum and Chestnut, 1970).

Individual Total
Biomass Metabolism Metabolism

(g/m®)  (90,/g/day) (g0, /m’/d) (gC/m’/day)

Control Pond 1 0.049 0.360 0.018 0.009
2 0.027 0. 360 0.008 0.004
3 0.012 0. 360 0.004 0.002
Experimental
Pond 1 0.858 0.0003 0.0002 0.0001
0.447 0.0003 0.0001 0.00005
3 0.187 0.0003 0.00005 0.00002

Control: Acartia

Experimental: Oithona
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Research into the effects of sewage wastes (0dum and Chestnut,
1970) and the thermal-copper—chlorine interaction from power plant
effluents (Hoss et al., 1975) have been reviewed in previous
sections. Several other studies have been conducted in the
inventory area to assess the effects of man on estuarine
zooplankton., :

The entrainment of zooplankton through industrial cooling systems
has received a considerable amount of attention in recent years.
Most of the research data, however, are in technical reports that
are not readily available to the public. Hodson, Schneider and
Copeland (1977) reported on a study designed to assess the impact
of entraimment of the Brunswick stream electric plant on the
zooplankton of the Cape Fear River estuary, North Carolina. A
field survey was conducted to detect density or distributional
differences that could be attributed to entrainment by the power
plant. The study revealed that population levels of zooplankton
in the lower Cape Fear River and nearshore ocean were similar to
those observed in a preoperational study (Copeland et al., 1974;
see Section 2.1.1). It was, therefore, concluded that entrainment
had no major effects on the overall standing crop of zooplankton
in the estuary.

DeCoursey and Vernberg (1975) studied the effects of the dredging
of Charleston Harbor, South Carolina on the ,physiology of larval
zooplankton. Water samples were collected during dredging
operations at the dredge site, 200 yards downstream, and at the
outlet of the disposal site for each of three dredged areas in the
harbor. The water from the various areas was then bioassayed with
larval zooplankton to determine the lethal and sublethal effect of
any toxicants that leached into the water during dredging.
Daphnia pulex was used as the test organism for the freshwater
dredge area, while Palaemonetes pugio larvae were used for the
second location with intermediate salinities, and larvae of the
polychaete Polydora were used for the location with the highest
salinities. Lethal effects appeared to be greatest with water
from the disposal sites (Figure V-25). Differences in the
toxicity of the water from the dredge site and water from 200
yards downstream were less clear-cut (Figure V-26), but it was
concluded that dredge water was less toxic than water from 200
yards downstream, but both were less toxic than water from the
disposal site. Metabolic experiments indicated that respiration
rates of the zooplankton were depressed in the experimental
regimes (Figure V-27). Motility was also tested as a measure of
toxicity (Figure V-28). Swimming rates of Daphnia were similar
for control and 200 yard samples, while dredge and disposal site
samples depressed motility. Palaemonetes motility experiments
indicated that the dredge water depressed swimming activities, but
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not nearly as much as did disposal site wat